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CHAPTER 1 


INTRODUCTION 


The electro-magnetic forces were seen to act in a 
number of experiments by scientists early in the Nineteenth 
Century and perhaps even earlier. However it was only on 
17th October 1 S3 1 , that Faraday discovered the electro¬ 
magnetic induction which explained these forces scientifica¬ 
lly* 

This was followed by the discovery of rotating fields 
by Baily and Deprex and Professor Ferraris. Then followed 
the great work of Nikola Tesla between 1&&7 and 1&91 when 
he invented the polyphase induction motor. His researches 
paved the way for placrqg the induction motor on a sound 
foundation. In this connection an extract from his speech 
before the American Institute of nlectncal Engineers may be 
of some interest, as this explains the theory of induction 
motor in short and in its original conception. 

"To obtain a rotary effort in these motors was the 
subject of lorg thought. In order to secure this result it 
was necessary to make such a disposition that while the poles 
of one element of the motor are shifted by the alternate 
currents of the source, the poles produced upon the other 
elements should always be maintained in the proper relation 
to the former, irrespective of the speed of the motor. Such 




a condition exists in a continuous current motor: but in 
a synchronous motor, this condition is fulfilled only when 
the speed is normal. 

The object has been attained by placing within the 
ring a properly subdivided cylindrical iron core wound with 
several independent coils closed upon themselves. Two 
coils at right angles are sufficient, but a greater number 
may be advantageously employed. It results from this dis¬ 
position that when the poles of the ring are shifted, 
currents are generated in the closed armature coils. These 
currents are the most intense at or near the points of the 
greatest density of the lines of force, and their effect 
is to produce poles upon the armature at right angles to 
those of the ring, at least theoretically so; and since 
this action is entirely independent of the speed - - that 
is, as far as the location of the poles is concerned -- 

<r 

a continuous pull is exerted upon the periphery of the arma¬ 
ture. In many respects these motors are similar to the 
continuous current motors. If load is put on, the speed, 
and also the resistance of the motor, is diminished and 
more current is made to pass through the energizing coils, 
thus increasing the effort. Upon the load being taken off, 
the counter-electromotive force increases and less current 
passes through the primary or energizing coils* Without 
any load the speed is very nearly equal to that of the 
shifting poles of the field magnet. 



n lt will be found that the rotary effort in these 
motors fully equals that of the continuous current motors. 
The effort seems to be greatest when both armatute and field 
magnet are without any projections n . 

Later in 1 £>94, the circle laws of the induction motor 
was proved by A* Heyland and B.A. Behrend* 

Since the first announcement of Mr, Tesla that rotat¬ 
ion can be accomplished by employing two or more alternating 
currents of displaced phase, the question has been raised 
by many an engineer as to the possibility of producing a 
rotary magnetic field by the use of a single circuit, carry¬ 
ing the ordinary alternating current, instead of requiring 
3 or more wires or several independent circuits. 

Prof. Llihu Thomson had claimed that he made an alter¬ 
nating current motor for single phase currents having a pair 
of single phase energizing coils surrounding the revolving 
iron bars (rotor), upon which latter three coils were wound. 
This machine, he added, with its coils closed, was without 
starting torque and was therefore provided with a commutator 
which short-circuited the coils while in proper position 
successively. This gave the desired starting torque. It 
was found that the coils after starting could be short- 
circuited and the commutator dispensed with. The experiments 
leading up to this discovery are described by him in the 
U.S, Patent Pfo, 363, 185 issued tcvhint 



'The above motor , which is now known ns repulsion— start 
induction motor, was thus reported to have been made by Prof 
iflihu Thomson in 1837. Mr. Gutman had claimed to have made 
a similar motor in 1391 , Independently. Probably these were 
the first single phase motors. 

The first split-phase self-starting motor was deve¬ 
loped by Tesla and was used for driving small desk fans but 
was not employed generally for power service. Several years 
after this between 1393 to 1895 self-starting split-phase 
motors were designed with two windings in the primary one of 
which was employed primarily while running and the other 
only for the purpose of starting. A phase splitter consis¬ 
ting of a manually operated external switch and resistance, 
connected the primary windings to the supply circuit, inser¬ 
ting resistance in the starting winding. 

Somewhat later, motors were designed with which were 
used starting devices supplied with a condenser in place of 
a resistance. About 1893 single phase induction motors were 
designed which started as series motors. The secondary 
winding was similar to that of a series motor, the commuta¬ 
tor bars being short-circuited as the armature accelerated 
after which the motor ran as an induction motor. 

In 1393, Dr* Steinimetz, explained different phase 
spliting devices which dispensed with the commutator altoge¬ 
ther. He claimed that by then single phase induction motors 
in sizes upto 100 H.P. had been manufactured and sold. 



Later on further developments have been made and many 
types of single phase motors are in use at present. 

^arly in this century, many questions like, good 
design, elimination of harmonics & noise, improved effici¬ 
ency, the reduction of eddy-current losses, proper venti¬ 
lation, easy speed-control, power-factor correction and 
many other questions which were unsolved, were tackled and 
better knowledge of induction machines was gained though 
complete success in all cannot be claimed. These were dealt 
with by many engineers - Alger, Kron, Chapman, Vickers, 

Hunt, A.B. Field, Appleman, Morril, to mention only a few; 

a great number of papers have been published on this and 
allied topics., 

i-he induction motor is now the most widely used of 
all machines. It is doubtful whether the large power systems, 
now in such extensive use, m uld have been developed if this 
motor had not been developed. What it means to the economy 
of the world is appreciated by few people outside the engi¬ 
neering wo fid. In the fractional horse power field, its 
development is phenomenal and it is applied in every form 
of industrial and domestic work. In this field it takes the 
form of single phase and three phase types. 

Fractional Horse power single phase motors is very 
widely used In industry for oil burner, compressors, fans, 
blowers, office appliances and certain tripes of small tools,* 
and in hones is used extensively for refrigirators, pumps, 



washing and Ironing machines, room heater, vacuum cleaner, 
air conditioners, etc* 

It has been stated that (in 1941) in U.S*A. the annual 
sales of fractional horse power motors of all types amounted 
to about $ BO,000,000 and that the rated ho rs e powe r 
represented is oi the order of 3*000,000 horse power. This 
indicates the importance of these motors. Wot only are they 
important to the motor manufacturers, but also to the applia¬ 
nce manufacturers, the merchandisers the users and the power 
companies.. 

It is very useful in relatively small outputs. For 
large outputs polyphase is more advantageous as in a single 
phase machine (a) output is only 50$ of the 3 phase motor 
for a given frame size and temperature rise (b) lower p„f* 

(c) lower efficiency and (d) has no inherent starting 
torque and therefore requires a starting winding with a 
phase-splitting device. 

There are different types of single phase motors: 

They are: 

1 * Split-phase motor . 

2, Besistance-start, split-phase motor. 

3* Reactor-start f split-phase motor, 

4* O a pa c it o r- s ta rt motor, 

3. Permanent-split capacitor motor. 

6. Two-value capacitor motor. 



7« Re pul si o n mo to r. 

8, Repulsion-start induction motor, 

9. Repulsion-induction motor, 

10. Universal motor. 

11 . Shaded-pole motor. 

12, Split-phase reluctance motor. 

13* Capacitor-type reluctance motor, 

14* Capacitor-type hysteresis motor, 

15* Shaded pole hysteresis motor. 

16. Induction Motor. 

1. Split-phase Rotor : 

The following are t he difinition according to ASA: 

A split-phase motor is a single-phase induction motor 
equipped with an auxiliary winding, displaced in magnetic 
position from, and connected in parallel with, the main 
winding. (Note; Unless otherwise specified, the auxiliary 
circuit is assumed to be opened when the motor has attained 
a predetermined speed. The term ,r split-phase motor 7 *, 
used without qualification, describes a motor to be used 
without impedance other than that offered by the motor win¬ 
dings themselves, other types being separately defined). 

2• Resistance-start, Split-phase motor : 

A resistance-start motor is a form of split-phase 
motor having a resistame connected in series with the auxi¬ 
liary winding. The auxiliary circuit is opened when the 



motor has attained a predetermined speed. 

3 * He actor-start t Spli t -phase motor : 

A reactor-start motor is a form of split-phase motor 
designed for starting with a reactor in series with the main 
winding . The reactor is short-circuited, or otherwise made 
ineffective, and the auxiliary circuit is opened when the 
motor has attained a predetermined speed. 

A capacitor moto r is a single-phase induction motor 
with a main winding arranged for direct connection to a 
source of power and an auxiliary winding connected in series 
with a capacitor. (Note: The capacitor may be connected 
into the circuit through a transformer and its value may be 
varied between starting and running) ♦ 

4* Cam citor-start motor : 

A capacitor-start motor is a capacitor motor in which 
the capacitor phase is in the circuit onLy during the 
starting period, 

5* Permanent-split capacit or motor; 

A permanent-split capacitor motor is a capacitor motor 
having the same value of capacitance for both starting and 
running conditions* 

6 . Two-valve capacitor motor : 

A 2-valve capacitor motor is a capacitor motor using 



different values of effective capacitance for the starting 
and runni ng conditi ons . 

7• Repulsion motor: 

A repulsion motor is a single-phase motor which has 
a stator xvinding arranged for connection to a source of 
power and a rotor winding connected to a commutator. Brushes 
on the coimiutator are short-circuited and are so placed 
that the magnetic axis of the rotor winding is inclined to 
the magnetic axis of the stator winding. This type of motor 
has a varying—speed characteristic, 

S. Repulsion-start induction motor : 

A repuls ion-start induction motor is a single-phase 
motor having the same windings as a repulsion motor, but at 
a predetermined speed the rotor winding is short-circuited 
or otherwise connected to give the equivalent of a squirrel- 
cage wiixiirg. This type of motor starts as a repulsion 

motor but operates as an induction motor with constant-speed 
characteristics. 

9. Repuls i on-induction motor: 

«H(*M>IW|INMI«||||||I|||| |||| . ..... . 

A repulsion-induction motor is a form of repulsion 
motor which has a squirrel-cage winding in the rotor in 
addition to the repulsion motor winding. A motor of this 
type may have either a constant-speed or varying-speed 



characteristic. 


1 0 


ersal mot or 


A universal motor is 


series-wound or a compensated 


series-wound 


current or s 


motor which may be operated either on direct 
ingle-phase alternating current at approximately 


the same speed and output. These conditions must be met 
when the direct-current and. alternating-current voltages are 
approximately the same and the frequency of the alternating 
current is not greater than 60 cycles per second. 


11. Shaded-p ole motor 


A Shaded-pole motor is a single-phase induction motor 
provided with an auxiliary short-circuited winding or winding 
displaced in magnetic position from the main winding. 


12. Split-phase reluctance motor : 

The ASA does not define this type of motor, but does 
define the reluctance type motor. 

A reluctance type motor is a synchronous motor si mxlar 
in construction to an induction motor in which the member 
carrying the secondary circuit has salient poles without 
direct- current excitation. It starts as an induction motor 
but operates normally at synchronous speed (ASA IO.IO. 3 O 5 ). 

From this definition, a split-phase reluctance motor 




May be described as a reluctance-tvce r; 


or. the stator of 


ich is exactly the same as in a split-chase ini 


/JU i. . 


I T"* 

1 X. 


i »e. , the stator 


has a main winding, an auxiliary wind! 


1 a* 


also a starting switch 


This motor is also called unexcited 


synchronous :n 


aL 


~he rotor* has a salient-pole construction. Starting tor aue 
is produced by currents in 


e rotor bars, i.e. cane wind 




s in, 


provided in pole laces, .as the soeed nears synchrony, 
a value is attained at which ttiere is sufficient synchro 


nising action to pull the rotor quickly 


into step with the 


rotating field. Such motors vibrate more th- 


a “1 "5 4 “ 

0>JJLJL V' 


phase motor because of the salient pole rotor. 


** 3. Ciapa c ito r-type rel u c t a nc e mot or 


m t 




deJ.inition IU.IO. 3 u 5 given above, the 


capacitor type reluctance mo to 


r is a 


ucta nee type motor 


the stator of whi ch may be wound in one of thr 


way s 


sc us sed under definitions 4 , 5 , and 6, 

as capacitor-start, as permanent-split capacitor 
value capacitor , 


a a mm 


1.3 


m 




1 or a s 


o 


Uapacitor-type hy steresis motor 1 


steresis motor is a synchronous motor without 


ga i 


D 


O 

O 


ithout direct-current excit 


tion. which 


starts by virtue of the hysteresis losses induced in its 
hardened steel secondary member by the revolving field of* 



the primary and operates normally at synchronous speed due 
to the retentivity of the secondary core (ASA 10.10.315i • 


f? 


rom this definition, a capacitor™type hysteresis 


motor may be described as a hysteresis-type motor with a 
stator winding which may be wound in one of the three ways 
described under k, 5 and 6 above. 


This motor has a smooth cylindrical rotor of steel 


such as would be used for a permanent magnet as defined 
above. The rotating mmf. produced by the stator winding 
magnetises the rotor along an axis perpendicular to the rotor 

i 

surface as the mmf. sweeps on, the retentivity of the rotor 
steel causes its magnetic axis to lag behind that of the 
mmf. As a result torque is produced that causes the rotor 
to follow in the direction of the mmf. If the rotor requi¬ 
res no torque it would come up to synch, speed and run 
with its magnetic axis aligned with that of the mmf. Addi¬ 
tion of load to the motor causes the rotor to drop back 
in phase position in the manner that an excited synch, motor 
adjusts itself to load. 

15. Shaded-pole hyst eresis motor: 

^ itm w >;irnjn>TTTM>»ow iinmmi>iiiiw n >nwnr r i ii T rTirii i i i Tniiinffi i rn a wmii i ih k nr t i i DTr i ry? 11 - rrni wmirir i in Trrr j irn-irrrrri'-r 8 i m mp to " i ff" ” i ‘ “ " < " 1 

From ASA definition 10.1 0.315 given above, a shaded- 
pole hysteresis motor may be defined as a hysteresis-type 
motor with stator windings the same as in the shaded-pole 
motor defined under 11 above. 



16. 


Induct jo if motor : 


For most types of single phase motors some special 
means of providing starting torque is required. The single- 
phase synchronous inductor motor not only has starting 
torque but if it is stalled when running in one direction 
it will at once reverse and run in the opposite direction. 

The roto r laminations are stacked on a cylindrical 
Alnico magnet that had been magnetised radially from the 
centre. The periphery of the rotor has one magnetic polarity 
and the centre has the opposite magnetic circuit, The stator 
laminations have salient poles, wach of these have been 
notched with 5 teeth. These are so located that when the 
rotor and stator teeth line up under one pole, the teeth 
are h of a tooth - pitch out of line under each adjacent 
pole. On each of the pole cores is a coil. These are connec 
ted in series, the directions of the winding being opposite 
an adjacent core as shown. Assume that flux is entering 
all the rotor teeth, then they are all south-poles, when 
there is no voltage applied to stator winding, dach rotor 
tooth under the r.h.s pole'has equal and oppositely directed 
horizontal components of pull acting on it. Let an alter¬ 
nating current be established; at the instant when the 
current is in the direction shown in Fig. the mmf. of the 
l.h.s. pole opposes the mmf. of the Alnico-magnet and the 
flux in that part is reduced and the mmf. of the winding on 
the r.h. pole aids the mmf. of the alnico magnet and the 


flux passing between teeth under that pole is increased 


ffow the balance of horizontal components of pull on 
the teeth is so unstable that in most cases the rotor will 
start in one direction or the other. As soon as it moves 


in one direction, the horizontal component of pull in that 
direction rapidly exceeds the component in the other and 
the rotor advances one—half tooth pitch in one half cycle. 


RAF-diRbNO IS 


B1 , B2, B3, B4, B5 


sJl , J2 j 


J 3 , J 4 and J 5 
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A poly-phase ini action motor has a starting torque 
A single phase induction motor has no starting torque. i 
is one of the disadvantages of the single phase motors and 
hence a great deal of attention has been paid to the methods 
of starting as much as to the actual operating characteristics 
In fact dr. Steinmetz* s original paper on Single Bhase 
induction motor deals more about starting than about the 
operation of the motor. Hence this subject of starting is 
discussed in detail. 


First of all, it is shown fundamentally that a single 
phase induction motor has no inherent starting torque. The 
start! rg torque of a polyphase induction machine is due to 


its rotating field which is present even when the motor is 
at rest. Kernee the subject of rotating field and how to 
produce such a field from a single phase supply is then 
taken up. This is followed by a brief description of the 
methods of starting. The design of the starting impedances 
and starting winding turns is then taken up. 


In the last pages of this chapter, the specific topic 
if the capacitor start motor is dealt with. Its advantages 
>ver the split-phase motor are narrated, the purposes of 


starting switch are then explained 


Veinott 1 s ana 


(on the basis of the build-up of voltage in an induc¬ 
ts generator) to shew what happens if the starting switch 
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capacitor-start motor were to reclose presents 

JL 


ilit eresting study 


To show that there is no inher ent starting; torq ue_in_a 


Single-phase 
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It .V& i. explained in the c haptert/’Theories of 
Operation” that the single phase motor has no starting torque 
of its own - By the 2 revolving field theory: at start in 


the two oppositely revolving fields are equa 1 in magnitude 
and so the torques are equal and opposite to give a net aeio 


cross field theory: when the rotor is 
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starting torque. 

at rest , there is no cross flux at all and hence fher © _ 
no torque. (The rotor behaves like the short-circuited 
acondary of a transformer) . Further this can be shown xiom 


O’ 
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fundamentals as below 


It is assumed that the stator winding is of the con¬ 
centric distributed type and also that the rotor is of 
squirrel cage construction. A result of the first as sump- 
tion is that a sinusoidal flux distribution exists in 
air gap. A pair of rotor conductors, situated one pole 
pitch apart is shown in figure (15 * At any point along the 
(Fig. l) the value of the instantaneous flux density 
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When the flux through an elementary strip of widt 
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If r and 1 represent the resistance and inductance 


of the coil, the current therein is 
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From this it can be seen that the average ta 


ngen- 


tial pull on a coil and the torque which it contributes 
to the rotor is a function of its oosition x. 


Let there be a large No. of coils with n coi 


per unit length. Then the pull on coils within a width 
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Hence, in 


single phase 


motor of which the rotor is 


at rest, the resultant torque is zero. 


II. Rotating Fi eld . 

The starting forque in a polyphase machine is due to 
its revolving fie Id which is present even when the rotor is 
at standstill. There is no revolving field when a single 
Phase motor's rotor is at rest, hence there is no starting 
torque. Therefore, the starting problerp can be solved if 
we can find any method to produce a revolving field from a 
single phase supply. 

It has been shown by Deprex that a 2 phase supply can 
be used to produce a rotating field. In 1833 he fed alter- 
natii^ current to a coil which produced an alternating or 



oscillating field along the OX axis. He supplied another 
coil whose magnetic axis made an angle of 90° with the OX 


axis with a.c . whose phase difference was 9'0° in time 


the current in the first coil and showed that a revolving 
field of constant amplitude could be produced. (The frequ¬ 
ency of the two currents are the same and the number of 
turns in each coil was the same ). 


He also showed that if the two currents were of equal 
period, but not of equ al amplitude, an elliptically rotating 
field was produced. 


Further it can be shown analytically that a crude 
form of rotating field can be produced by having two coils 
at a space displacement of 90 degrees and sending currents 
which are having CD degrees time phase displacement, 

(a) Rotating field produced due to space displacement TT /2 
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and any time displacement; 

Referring to figure let 0-j J2- 0g represent two single 
phase alternating fields displaced in time and space phases 
by cq and by ^respectively. Then instantaneously we have, 

01 = 02 sin 'wt * 02 = 02 sin ® ) • 

The perpendicular horizontal comp, of 02> are respy. 

02 sin (wt - CD ) cos and 02 sin (wt - CD ) sino- 
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From the above expressions for 0 r and 
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' 0 m*am 

dt 


it can 


be seen that these are periodic functions of time -i.e. 
0 r the resultant field rotates, varying not only its a 
tude but also its speed. A crude form of rotating field 

r u /2 and 


is produced. For 2 pbase conditions , 
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rotating field is produced as already stated. 
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Hence it is clear that in order to have a rotati 
field we must have another winding and send thropgh it a 
current which has a time phase displacement wit h the current 
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of startirg are shown along with the vector diagram, for 
tlie voltage and currents in the windings. The space axes 
of the two windings are 90 degrees apart in all cases. 
The time phase angle between the two currents is shown as < 




In the case of the capacity type of motor, this angle may 
be made 90 ele ctric al degrees. In the resistance and 


inductance types the starting winding must have a high 
resistance, while in the capacitor type such a high resis¬ 
tance winding is not necessary. A centrifugal switch is 
shown in the starting winding. This is opened after the 
motor has attained normal speed. In the inductance motor 
it is desirable to short circuit the starting inductance 


which appears in the ruruling winding. 


Apart from the split phase starting described above, 
two other typical starting methods are: 


(U) by the use of a small start ing mo to r. 

This is suitable with large single phase motor which 
does not have to start under load. A snail self starting 
motor is directly coupled to the large main motor. Star¬ 
ting is obtained with the small starting motor and when 
the set comes upto normal speed, the power supply is 
connected to the main motor and disconnected from the 
starting motor. 

(5) By the application of the repulsion motor as the 
sta rt ing devie e: 



This is called the repulsion start induction run 
motor. In fact this method has been adopted in the sirgle 
phase motors built up for the first time by Prof, Blihu 
Thomson. This motor has bean defined in the first chapter. 
Here in this thesis this method will be passed up without 
much di scus si on. This section on the methods of starting 
will not be complete without mentioning the recent develop 
-merits made in this field - the development of single¬ 
winding singL e-phase self-starting motors. This ha s been 
made possible by the us ® of assymmetry to obtain starting 
torque in a single phase motor with a singLe winding. 

(6) The Oswald motor developed by Mr. Sari Oswald has more 
turns about one side of the pole than the other, producing 
unequal saturation. Siree this saturation is in part the 
result of both stator and rotor leakage flux, accompanying 
the starting current under lower full-load currents the 
saturation is reduced and. normal running conditions are 
made possible. 

(7) The asymmetry can also be achieved by using varyirg 
air gap. The varyirg-air gap motor had been manufactured 
by Bo dine electric Company of Chicago. It has been stated 
that the difference in permeability resulting from higher 
flux densities where the air-gap is lower will not be 
serious. 

Such self-starting singLe-winding single-phase motors 
are economically and technically desirable because of the 




simplicity in avoiding a separate 
switch and, therefore, giving an 
factoring cost. Another advantag 


starting winding and 
attendant saving in maim 
e, is the avoidance of 


maintenance troubles and outages, since by far the greatest 
single factor causing breakdowns in single phase motors 
is trouble with starting winding and its automatic switch. 


III. Starting torque . 

The actual evaluation of the starting torque is not 

attempted here; this can be found in the chapters on the 

theories of operation. However the important factors on 

.1 

which the starting torque depends are analysed hereunder 
with a view to enables us to determine starting impedances 
and starting windings of the sirgle-phase induction motors. 

It has been shown earlier that the resultant revolving 
field due to two windings at 90 ° electrical space angle 
with currents displaced by degrees time angle is of a 
magnitude 0 r which is a function of time t; 
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and that its angular velocity which is also a function of 
time t is 
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Let fij, be the mmf, corresponding to the flux 0 r . 

If the flux is proportional to the mmf. then the current 
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Under starting conditions, an induction motor behaves 
short circuited transformer possessing a large air 
With the assumption of a resistance-less rotor, prac¬ 
tically all the flux is leakage flux and is proportional 
to and in phase with the stator current. Hence the mmf. 1 s 
in the eouations above are proportional to their turns 
and currents while the cts are inversely proportional to 
their respective winding impedances. The impedances under 
these conditions are termed equivalient i.e. they are 
given by the quotients of the volts by currents and repr, 
impedance of the motor as a whole referred to the stator 


windings 
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In the three cases considered below (resistance 


capacitor & inductance start), it is assum 






the windings have been designed and only the starting I rape ■ 


dance to be connected in series with one of the winding 


c* 


is to be determined to give maximum torque 


(a) Resistance start: The complete circuit of this motor 
is shown in Fig. 5* The current drawn by the running 
winding is Im and it lags voltage V s by the p.f. angLe ( V~m, 
Since 2 m is fixed, the current I m is also constant. 

The starting winding has an external resistance R which can 
be varied. 

The envelope of a series circuit with constant reac¬ 
tance and variable resistance is a circle bavirg a diameter 
equal to the voltage divided by the reactance. The total 
current is the vector sum of I r and I s i.e. the distance 
00, in the figure. (Note that the size of the circle 
is independent of the resistance R). 

It has just been shown that the starting torque is 
OC I s 3-m ^inCC . However jCjlX is fi 3CGd* 

• *. T s (l I s sin(DcC GD * 



Hence the maximum tor cue is obtained when CD is a 
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maximum, which can be got by drawing a parallel to OA 
tangenfcial to the circle; the maximum length of CD is thus ■ 
Since, M is the mid-point of arc 
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Therefore the external resistance R* for maximum torque is: 
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Capacity Start! ng: 


circuit diagram for the capacity start motor and 
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the corresponding start!rg circle diagram are shown, in fimre 
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For maximum starting, the starting winding mpst have an 


external condenser with a capacity equal to 
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(c) Inductance start 



The circuit for a split phase motor with external 
inductance in the running winding and the corresponding 
circle diagram are shown in the figure. 7- Again, the 
point fo r maximum starting torque is determined by dravd 
a line tangent to the circle and parallel to the current 
vector I Q as shown at M. 
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* For maximum starting torque the running winding should 
have an external inductive reactance: 

r m r s 


STARTING WINDING FOR IC4XEMLJM 



In the preceding section starting impedances to be 


itself of a split-phase 
and. the capacitor of a c 
row be co nsid e red . 


motor and the starting winding 
anacitor-start motor. These will 



important 


determination of the ratio of turns, K, is an 
one in the case of split-phase motor. (This 


motor has been defined in Chapter 1 to be one which is 
used without impedance other than that offered by the 
motor windings themselves). This ratio is determined in 
this section to give a maximum starting torque, with the 
line current not exceeding a predetermined value. 


In the case of the capacitor-start motor both the 
starting winding and the capacitor are to be determined. 
Here the ratio of slot space alloted to the two windings 
is assumed to be fixed and the value of the capacitor is 
determined for optimum starting torque. It is shown that 
for the optimum starting torque, the ratio of turns should 
be small; but a snail ratio of turns results In the 
necessity of having a large capacitance. Hence a compro¬ 
mise has to be found out and then the value of K fixed. 
This aspect is also dealt with in vfet follows; 

(a) Turns r atios fo r maximum starting torqu e in the split 
phase motor . 

In order to produce a ph. displacement between 
currents, the reactance x s is made less than x r . This 
is effected by having less no. of turns in the starting 



winding than in the running winding. In order to limit 
the current in z s and to increase further , the 
resistance r s is made relatively high by winding the 
starting winding with wire of smaller across section than 
that of running winding. This also has the result of 
economizing the winding space. 


an 


sin ( 


m 


'? 

v», 




3) sSin(5 m co 8 m Q-COS to ^sin 


s 


X 


17 


m 


m 


s 


z 


s 


m x s 
m z s 


^ x m r s “ r m x s^ 


z m z s 


But T 


s 


k„N N 
c m s 


z s z m 


sm 


k c Vs 


—7— 2 — x m r s ~ r s x s' equivalent val 


z m^ z s 


ue s, 


In order to find the optimum value of this expression, 

*a* # 

some limiting condition or conditions must be assumed. Because 
the starting ct of a split phase motor is relatively high, 
it is desirable to take the conditi on that the starting ct is 


not to exceed a given val ue * 



* N.EMA. standards on fractional h.p. motors prescribes 

ceiling values for starting current (the figures being taken 
with the rotor locked)# Though these are given under the 
chapter on specifications they are quoted here also:- 

__Starting current:- Maximum values of starting current are 
laid down. The values are given below for 23O volts motors 
irrespective of frequency. 

H * p * 1/6 or less 1/4 1/3 l/2 3/4 

Locked amps. 10 11.5 15.5 22.5 30.5 



Let the ratio between the line starting ct and that 
in the r unnirg winding be = 


k-j (note that k-j is now 


a given condition 


heree fixed onee for all - it is 


not variable). Then since the -oh. angle between the star 


ting currents in the two windings is usually such that 
these currents may be added arit hematic ally: 
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k is the variable which has to be fixed for max. to roue 


from the above equation. ■ (The running wirdi ng 

being coupletaly designed and fixed all quantities with 


suffix m are fixed; further 
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Capacity start motor; determination nf starti 


winding fc capacitance 




A much greater starting torque for the same line 
starting current may he obtained if a capacitor is placed 
in series Kith the starting winding. The net reactance of 


the starting winding is (x s - x c ); starting torque is then 


given by: 






where x Q is the reactance of the capacitor. If A ra and 
A are, respectively, the cross-sectional areas of the total 
spaces available for the two windings, and if these areas 
are fully occupied, then 




where and are respectively’ the mean length of turn 
and specific resistance of the winding material, N r the 
number of turns of the rotor winding and r r the rotor 
resistance. If it is as suited that the two terms in each 


hand member are equal, then 
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where ko is the ratio of the No. of slots of the running 
winding to those of the starting winding (This assumes that 
the windings occupy di fferent slots and that X. m = $ s ). 



k Is the ratio of turns . Substituting for r s and x £ 
in the starting toraue equation. 
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for a maximum. Substituting and simplifying, we have, 
finally, 

Xq as k f" k^ (*1 *■ k^) x 


Substituting this value of x r in the starting tor 


e quat io n, 


rn 
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ko is the ratio of slots alloted to windings 
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in order to keep c small, x c 


to k. 


e x 


nee k sho uld be 



large. However, the start!r 
to k i . e. !' s ,1 /k ^ c 3 . 
is effected and the value of 
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que is inver sel 
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, in practice, 


k is about 2. 


r proportion 
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A capacitor start motor develops considerably more 
locked-rotor torque per ampere of line current than the 

m- ijs IIW 

split phase motor. The locked-rotor torque of a single¬ 
phase induction motor with two windings displaced 90 deg, 
is proportional to the product of the following three factors, 

1. The sine of the angle of phase displacement between the 
currants in the two windings. 


2. The pro due t of the main winding current multiplied by 
the auxiliary winding current. 

3. The number of turns in the auxiliary winding. 

dach of these 3 factors is more favourable in the capacitor 
start mot or. 

1, Due to the presence of capacitor, the angle of displace¬ 
ment between the currents in the two windings is greater in 
the capacitor start motor than in the split phase motor, 

2, Since in the capacitor-start motor, the currents in the 
two windings are wide apart in phase the line current is 
less than the numerical sum of the currents whereas in the 
split phase motor, the line current is nearly equal to the 
numerical sum of currents because of small phase argle 



a n 





displacement between them. Hence for the same value of line 
current, more currents can be allowed in the two windings 
for the capacitor start motor than f or the split phase motor 
and hence more starting torque, for the same line current. 

3. The number of turns of auxiliary winding of a split phase 
motor is limited by the limitation that is necessary on the 
leakage reactance (which varies with the square of No. of 
turns) to keep the current in the auxiliary winding to be as 
nearly in phase with the voltage as possible. There is no 
such limitation in the c apa cit or motor, a s the reactance of 
the auxiliary winding is more than neutralised by the capacitor 
so that more turns can be used in its auxiliary winding. 

Hence more torque can be developed. 

It may not be out of place to mention now the advantage 
of the capacitor motor (this has been defined in the chapter 1 
to be the motor with its auxiliary winding connected in 
series with the capacitor being across the supply even when 
the motor is running ) which is over looked usually. If we 
consider the entire cost of a motor installation the 
capacitor motor is probably cheaper than the usual repulsion 
induction motor. The entire cost includes the transmission 
lines, transformers, generators, switches and local wiring, 
dach of these elements costs less for condenser motors. It 
had been indicated that in USA. a power company can save 
from ^ 10 to d 20 per motor if capacitor motors were used 
instead of the usual type. This saving will more than make 



up the difference in price between the capacitor motor and 
otter types of motor. If some practical way in which this 
saving could be passed over to the consumer then the capa¬ 
citor motor would imrc®diately dominate the field in many 
✓ 

applications. This aspect may be noted by various Blectricit; 


Boar as in India as large number of single phase motors are 
expected to be installed as the country develops industrially 



Speed torque curve of a capacitor start motor is shown 
in Fig. 9. Also a curve connecting the capacitor voltage 
and rpm. is given, from which it is clear that the capacitor 
should be cut out before the machine attains speed at which 
the voltage across capacitor rises high, in oraer to prevent 
the burn out of the capacitor* The other reasons for the 
starting switch is (2) to improve the torque characteristics 
at full load speed (3) to keep down watts input and ( k) to 
prevent burn outs at normal operating speeds. 


Further switches must not be alldwed to flutter; for 
suppose the switch is fluttering and that it interupts the 
circuit at such a time to leave the capacitor fully charged; 
then suppose the switch recloses when the voltage is of 






It has been explained and checked by practical tests 
by Mr • Veinott that t hs reclosing of the starting switch 
if its occurs at synchronous speed can be disastrous to the 

tiaf 

machine and that this rarely happens at synchronous steed. 


To 
mac hi 


erst, a 


this, the build 


of voltage 5 


across the terminals of which are connected capa¬ 


citances as shown in sketch (Mo. 10} is to be studied first 


gene rator 


The build up of voltage of the d.c. s 
is known to depend upon residual magnetism in the fie 
poles of the machine and upon the resistance of the field 
circuit. 


It has been discovered and shown by J.D. Basset S 


& Tu 

It; 


W >10!) 


Fatter that the induction generator with static capacitance 
connected in shunt across its terminals will build up its 


voltage in a similar manner. Residual magnetism in 


.O 


iron of the magnetic circuit sets up a small alternating 
voltage in the stator; this voltage applied to the capacitance 
causes a lagging magnetising current to flow in the stator 
windings (Machine supplies leading quadrature current to the 
capacitance or draws a lagging quadrature current). If the 
capacitance is of the proper value, the current that can 
flow will be large enough to increase the flux existing in 
the air gap. This will result in a further increase in 
voltage and so on until its final built up value determined 
by the saturation curve of the mac hine and by the capacitive 
reactance of the connected capacitance, as shown in figure. 



A i h. p» capacitor start root or was selected by Mr* Veinott 
am no load saturation curve was taken (by the method Basset & 
Patter have given in their paper - by connecting different 
values of capacitance across the motor and driving the Riot or). 

The curve obtained is similar to those shown by Basset & Patter. 


-i.n an actual motor of capacitor start type the capacitor 
is not connected directly across the main winding but may be 
considered as being sh unted across the 2 windings in series - 
it was assumed that these two windings can be though of as a 
sipgle winding having a number of turns equal to j N 2 -+- N 2 . 

This has been checked like this: Short-circuiting the starting 
switch and inserting various values of capacitance for that 

shown in the figure* To jCLbia..in tii ® magnetisation curve, the 

f N NT - 2 ‘ 

voltage is divided by - and. the current multiplied 

74 rN 2 

by --— and these values plotted, this new magnetisation 

N m 

curve nearly coincided with that drawn with the main winding and 

Cl*) 

diiferent values of capacitance, thus proving the assumption that 
the two windings may be considered as a singLe winding, as 
shewn in figure 12. 

It was particularly interesting to note that values of 

less than half the normal capacitance used with this motor 
* 

would cause the motor to build up to such high voltages that 
the newer losses were 2 to 3 times the motor rating* If 
the starting switch of this motor had been short circuited with 
its normal capacitance connected across bhe windings and the 

motor driven to synchronous speed, the motor would have quickly 
burnt up. 



However, this situation is not nearly so serious as 


it seems and very rarely causes trouble. The starting switch 
normally does not re close until the motor has slowed down 


to aoproximately half the speed where the co nditi ons a re 


much different since with the machine at such speed, the 
saturation curve was as shown in c (fig. 13 ) aid the voltage 
is approx inn tely half that at full speed. However the 
capacitance required for the machine to build itself un to 


any given current is 4 times as great as that required at 
full speed because not only is the voltage halved by reduc 
tion in speed but also the frequency. Below a critical 


value of capacitance the machine will not build up as a gene¬ 
rator. This critical value is inversely proportional to the 
square of the speed. 
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the cause of the flow of energy irora one stator to rotor u, 
electro-magnetic induction. The harmonics cause undesirab: 
effects, which are explained in this chapter. The methods 
used to suppress these harmonics are also described in bri 


Let us first see 


t are all the harmonics present 


a single phase machine and then consider their effects. H 
these harmonics can be suppressed is discussed in the last 
pages of this chapter. 

The specific problem of noise, though one of the mai 
reasons for this is the presence of harmonics, is however 
with in a separate chapter. 


(a) M.K.F. and J 
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where I is the rms. value of current, N 

^ V 

turns with which the lines of force are linked, hence the 
IMF. distribution at the instant when the current is a maxi. 


mum 


shown in the figure; is a rectangle with its height 



- I3M . 

9 c 

4 K* 


reduce this rectangular wave into its fundamental 


and harmonics as shown be^ow 


Taking the coordinate axis through the centre of the 
pole, f(x) a -f(x) hence only cosine terms are present, 
f (Tr -v- x) = - fix); hence only odd terms are present: 
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The rectangular wave, its fundanental and the first two 


harmonics (3rd & 5th) are shown in figure 3.2 


1 

Thus the amplitude of the nth harmonic is —• times 

n 

the amplitude of the fundamental. The pole pitch of the nth 

1 

harmonic is — times the pole pitch of the fundamental. 

n 


dven harmonics do not exist, as for even value of n, 


sin 


"ft n 
~2 



In deriving the above equations a single coil has been 
considered. This is the same as a single-phase winding 
having 1 slot per pole. If, as is usually the case, q slots 
per pole are used the mrafs. of the q coils are displaced 
in phase from each other. Therefore, the distribution 
factor must be introduced, (The value for this factor 

is given in the last section of this chapter.) . 

The mmf. of a single phase winding accordinly is: 

n =<=o ■, __ 

f (x) = .9 TIL q sin wt —- n cos n -— x 

n =1 n T 


Thus we can see that mmf. of a singLe phase winding 
with a full pitch coil has only odd harmonics. 

In the concentric winding which is adopted for the 



construction of the machine undertaken, the negative half 


of the mraf. wave is a mirror image of the positive half wave 


with respect to the axis of the abscissa i.e. f (x -V- 


Q 


x) 


Therefore, only odd harmonics appear in the 


jtr’b 

rani. wave 


It must also be seen that the harmonics in considera¬ 
tion are only SEA.Cl HARMONICS and that all space harmonics 
are produced by the same current, whose time wave form is 
a cure sinusoid, i.e. the time harmonics are completely absent 


4ft 


It has been shown that a single phase winding produces 
an nmf. distribution containing odd harmonics. The permeance 
variations in the air gap due to slot openings, multiplies 
the production of field harmonics. In order to ascertain 
this also it is convenient first to express the air gap 
permeance as the sum of a constant (average) value and a 
serj.es ‘of sine-wave variations, then to express the rani*, 
as a series of harmonic fields, and, finally to multiply 
these serie s, term by term, to obtain the resultant air gap 
magnetic field. But usually the air gap is assumed to be 
uniform an d the permeance constant and the field harmonics 

evaluated. 

(b) Effects produced by harmonic fields 
The re are four kinds of effects: 

1. a s^rnchronous crawling. Space harmonics of the winding 

nmf. create revolving fields which induce secondary currents, 



and produce torques, similar to those of the fundamental, 
but have more poles and, therefore, lower synchronous speeds. 
As the motor accelerates through the synchronous speed of one 
of these harmonics, the harmonic torque reverses, causing a 
dip in the resultant motor torque speed curve, thus seriously 
impairing the motor’s starting ability. 


At speeds above their respective synchronous values, 
the forward harmonics produce braking torques, as the back 
ward harmonics do at all forward speeds. 

Thus they create stray load losses and increase the 
root or heating. 


2. Locking and synchronous craving: If any two of the 
separate harmonic fields have the same number of poles, pul¬ 
sating torques will be produces as they slip past each other. 
When their speeds coincide, the two like fields will synchro¬ 
nise, and a corresponding locking or "synchronous crawling". 
torque will be observed. 



Magna ti c 


noise and vibration: 


If two harmonic fields 


with numbers of poles differing by 2, coexist in the air 

t 

gap, they will produce unbalanced radial magnetic forces, 
and consequent radial vibration of the rotor as a whole. By 
the super-position of rotating magnetic fields of different 
poles number, symmetrical radial forces of high frequency 
are produced. These phenomena create stator ■’vibration and 

me-netic noise - These are explained in detail in the chapter 

* ' 

on. noise* 



The harmonic fields produced by 


4. Voltage ripples: 

the stator current induce currents in the rotor which reflect 
back into the stator additional harmonic fields, giving 
rise to terminal voltage ripples and to extra core losses* 
These voltage ripples, in turn, produce high-frequency curre¬ 
nts in the supply lines, which may create inductive inter¬ 
ference with communication circuits. 


( c) Suppression of Harmonics: 

Thus we see that the harmonic field effects must be 
kept under control as a sine qua non of good motor performance 


There are several methods employed to eliminate or 
reduce the induced voltage harmonics (or harmonic fields), 
the armature conductors nay be SKEWED, the coils may be made 
with FRACTIONAL PITCH and the winding may be DISTRIBUTED 
in several slots per pole per phase. The actual reduction 
in the harmonic fields by these three different methods can 
be represented by 3 different harmonic factors - expressions 
for which can be derived. The reduction factors and the 
seat of reduction are shown in the table below: 

THE PI ARM) NIC REDUCTION FACTORS 
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circumferential length of distribution of a 
slot -Ditch 


CO 


<Jv = slot angle. 


tor 


** p - pitch ratio 

** q - number of slots per pole 
^ a slot angl e. 

While these reducing factors have different names, 
they are in fact due to the same essential cause - the arran¬ 
gement of the winding so that the harmonic voltages produced 
in different parts are in partial or complete opposition 
and thus tend to cancel out over the complete circuit. Figure 
3.2 shows how this is accomplished in the case of the third 
harmonic . 

If the conductor is skewed or spiralled so that half 
of it is cutting through a positive loop, and the other half 
through a negative loop of the harmonic of space distribution, 
then the voltasre induced in the two halves of the conductor 

w 

are always indirect opposition and therefore completely can¬ 
cel within the conductor itself. In the case of fractional 
pitch, both coil sides are cutting through positive loops 
of flux, but the voltages generated thereby cancel out in 
the coil - in this case the coil may be either of short of 
10 ^ pitch. The distribution of the winding in more than one 
slot per pole per phase gives rise to a reduction of the 



harmonic voltages between the coils 
group. 
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which make up the phase 



CHAPTER NO. A 



Psychologists have established that noise reduces human 
efficiency and hence much attention is being paid nowadays to 
the problem of noise reduction. Much of the noise present in 
electrical motor is due to poor manufacture. Careless or 
inaccurate manufacturing methods often show up in some manner 
as uneven air gaps, loose bearipgs, brush noise (in commutator 
machine) or loose rotor bars. However even with good manufac¬ 
turing process with due attention given to avoid the above 
defects there is still noise in an electrical motor; this can 

f* 

be due only to el at ro -magnetic sources. These are explained 
in detail in this chapter. How this noise can be reduced 
considerably ? This is dealt with in the latter portion of 
this chapter. 

(A) Rad ial for ces due to th e air gap f ield: 

maamaamanumev»M*«u<xrm ^ ^33.j,rBK:rn«u..***y 
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By far the largest sources of magnetic vibration and 

noise in electrical machines are the radial forces due to the 

air gap field. If the flux were sinusoidally distributed, 

the magnetic forces around the periphery would be a simple 
o 

sin wt« curve that is a fully displaced sinusoid with twice 
as many poles as there are magnetic poles. Actually as 
previously shown in the chapter on Harmonics there are a nume¬ 
rous train of harmonic fields superposed on the fundamental 



expression for radial force (obtained by the product of a 
stator harmonic with a rotor harmonic) can be resolved into 
two travelling force waves, one having a lower number of 
oole pairs than the other. The larger number of force pole- 

•ti* ***• 

pairs lead to short wave distortion to which the stator is 
stiff. The lower number of force pole pairs lead to long¬ 
wave periodic dis tortion of the stator with time. The exter 
nal surface of the frame in turn beats the air causing 
air-borne noise. 


In what follows, the harmonic theory of noise is ex- 

■ 

plained in detail, concentrating the attention only on the 
tooth harmonics. This theory helps in the evaluation of 
noise level in a quantitative manner. Then it is shown 
how a two-pole-differenc e between two fields existing in 
the air-gap of a machine results in an unbalanced rotating 
force that causes much vibration and noise; this has been 
taken as of some special interest since such combination of 
two fields renders the motor so noisy as to make it practi¬ 
cally useless; further the slot combination (which is 
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discussed later) is made with one of its object being: 
to avoid such fields. A method published by Veinott to 


predict the noise frequencie s that may 


expected. in a 


machine is described: though this method is of no use in 
determining noise quantitatively, its simplicity has been 
the main reason for its finding a place in this dissertation. 
The noise frequencies that may be present in our motor are 
calculated by this method. Lastly latest work on noise 
produced by the dissyraaetries in the machine is just menti oned 


(a) J. Morrill 1 s development of harmonic theory - the part 
played by tooth harmonics in the production of noise: 
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With symmetrical vd.ndings harmonics fluxes, cay exist 
having a number of poles corresponding to any odd multiple 


of the fundamental number of pole 


o - 

o $ 


Good winding distribu- 


tions generally limit the magnitude of harmonics of low 
order; but with a given number of stator slots uniformly 
spaced, nothing can be done to reduce the nagnetudes of 
the tooth harmonics as the distribution factor for the tooth 


harmonics is identical with that for the fundamental, flux 


# 


There always exist an infinite series of tooth har¬ 
monics having magnitudes and orders as shown below: 

k -j Q -j 

Order of harmonic (tooth) « n_, = "t -4- 1 

1 p/2 

Jr/ 

k-j s any integer 

Ql a Total No. of teeth. 

p a total no. of poles. 



flux wave. 


Amplitude of Harmonic wavs 



whsre A a 



It can be 


no ti ced 


that the tooth harmonics go 



pairs am that if there are nine 

. 1 , 


teeth per pole in a if pole 


motor the largest pair of tocth harmonics are the 1/th and 
19 th harmonics. The next largest harmonics will oe the 35th 


and 37th. 


In the figure jasCW , the stair-step wave of flux 
produced by a four—pole winding in a 36 slot statoi > with 


the" f undame ntal and the first 


pair of tooth harmonics corres 


ponding to the stair-step wave, superposed on it, is shown. 
Both the harmonics and the fundamental wave of flux should 


be visualized as pulsating with time; the effect of the 
pulsation is exactly duplicated by dividing each pulsating 
wave into two oppositely gliding components each having half 
the amplitude shown. If the forward and backward components 
be used, there are now six stator flux waves to be considered. 
If two subscripts M & M represent the order of the first 
pair of tooth harmonics and subscript s represent that 
associated with the stator, these six waves are: 





Q 

w- w uj 





Thus the above six equations represent the six gli¬ 
ding waves due to the fundamental and the first pair of 
stator tooth harmonics* 


Now the effect of these waves on the rotor will be 
considered. Only the fundamental gliding components, 

W and produce rotor currents which produce wave 

that play effective part in the performance of the machine 
are considered. The effect of the gliding waves due to 
the first pair of tooth harmonics and other harmonics is 
neglected without much error. 


The forward component of fundamental stator flux W ^ 
acts on the rotor windings to produce a forward wave of 
rotor currents which in turn produces a forward wave of rotor 
fundamental flux moving with respect to the rotor. Asso¬ 
ciated with this forward flux is an infinite series of 
rotor tooth harmonics fluxes. Unlike the stator fluxes, 
the rotor fluxes, arising as they do from the action of a 
gliding wave of stator flux having constant amplitude, are 
not pulsating. They glide forward and backward on the 
rotor (forward with respect to the stator) with constant 
magnitude and at slip frequency with respect to the rotor. 


Ihe rotor tooth harmonics have poles and amplitudes 


as shown be low 


Order of rotor harmonic s 
Amplitude of rotor harmonics 




'^2 = total no. of rotors slots; 

kg s any integer. 

A rs ~ Amplitude of forward fundamental rotor wave, 
ii will indicate the negatively movipg rotor tooth harmonic 
and the ratio of its poles to the poles of the fundamental 
and T will indicate the positively moving rotor tooth 
harmonic and the ratio of its poles to the poles of the 
fundamental* 


Similarly the backward component of fundamental 
stator flux is responsible for producing a backward 

component of fundamental rotor flux gliding backward on the 
rotor at a frequency, (2 - s) f; c or re sp ondi ng tooth har¬ 
monics are also produced. 


Now only the fundamental and first pair of to oth 
harmonics of the rotor be considered, there are in all six 
rotor fluxes three due to W s f and three due to W s b. 
Neglecting the difference in time phase between stator and 
rotor currents, these six fluxes may be expressed with 
respect to the rotor as shown below: 
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with respect to the stator the above rotor waves can be 
written: 
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Summarising, first of all we considered the pulsating 
stator fundamental and first pair of tooth harmonics (of a 


single phase motor ) as givirg rise to six stator gliding 


waves, u sf> v ' , sb> ^saf> ^snb’ 
six rotating waves only the 


,u ’snf anc * ^"slb* of these 

effect of the two fundamental 


components, 'W g j. and ¥ s ^, on the rotor was taken into account. 
Though myriads of waves will be produced by these two waves 
only the fundamental and the first pair of rotor tooth 

JL 



were 


Harmonics due to each of these waves W f , and W sb , 
th^n considered, thus leaving only six rotor waves nanoely 


V<i 


j ,J ^r h ? ^ 


•Rf 9 


Id T 
* « !, 


, vVp-p^ 


w 


r'Tb 


The f&ux at every point in the air sap of the motor 
and at every instant of time is exatly representable as 
the sum of the fundamental fluxes and all the harmonic 
fluxes 12 waves mentioned in the previous paragraph. Hence 
usipg those which have been considered, we may write: 



W sf 



sKb+ w rf +• 



The radial force density at any point in the gap 
due to 3^ is, according to maxwell: 

F 1 

** I rj 

_ - Bj pounds per sq. inch. 

A 72,130,000 


For noise study it is desirable to work with the 
components of the force density, which components are obtai 
nable by the expansion of the square of the expression for 
E>d* ihis leads to 73 terms which are clumsy to handle. 

The expansion consists of 8 squares and terms which are 
product of each term with each other term. Let us perform 
one of the multiplication and see. In the case of the I 
forward stator tooth harmonic and the R forward rotor 
harmonic, the product is: 






W&VQS 



imt 


is 


s it can be seen that the product of the two 
representable as two force waves, the upper 


4 > 


lux 


wa ve 


having a long wave length am the lower one 


having a very short 


wave le ngth, Very 
the stator will be 


short force waves will not be important because 
very stiff to short-wave distortion. 


Long waves of force, however, will cause a relatively 
large response and therefore will be important in producing 
no is e. 

The pitch of the long force wave is 


y* ( 




The frequency of this wave is: 

3 - (}\jg) (Rf) " ^ 0 ? (1 - s) - 1 - sJ and this frequency 

is the frequency at which the air-borne noise will be emitted. 

A study of various products show that the products 
most likely to be responsible for noise are the ones of long 
pitch produced by multiplication of a stator harmonic with a 
rotor harmonic. There are 16 such products. The frequencies 




these sixteen forces responsible for noise are 
only the slip and the number of rotor slots® 


functions 


How a difference of t wo poles between two fields -produc e 
unbala dc ad force: 


bow let us see how this difference of two poles between 
two fields existing in the air gap of the induction machine, 
caiist noise® Let us assume a 4 pole stator producing sinu*» 
soidal flux wave 0^ . ^Iso assume there are a total of 5 rotor 
slots* Figure 4.2 shows the relative positions of the 
rotating field and the rotor conductors at a certain instant. 
Ihe emfs. are induced in the rotor bars and as they are short- 
circuited currents will flow through them. The steooed 

•X *i* 

curve (abcdefghkl) in the next figure (No* 4*3) shows the 
distribution of the field, 02 > due to the rotor currents at 


■the instant when the flux in tooth 1 is at its iraximum value® 
The curve 0^ which bounds the shaded areas is obtained by 
adding together the ordinates of ‘the curves & 02 at each 
point along the rotor surface* Ths fores with which, any 
element of the rotor surface is attracted towards the stator 
is proportional to the square of the flux density at that point 
3s already indicated* The lengths of the radial lines drawn 
nn the figui e do. 4*4 are proportional to the squares of 
the resultant denwitites (0^) given in the previous figure. 

It is clear from this diagram that the rotor experiences 
a resultant force directed radially outwards through the 
centre of the slot (3,4). 





the 




diagrams are drawn for other instants and 


the resultant mmf. is squared at each point, to find the 


force there, it will be fo 


that the resultant force vector 


makes two revolutions per cycle and therefore rotates 4 times 
as fast as 0-j relatively to the rotor. 


This unbalanced force tends to bend the shaft of the 
rotor and, under steady conditions, the plane of the neutral 
axis will rotate at the same speed in space as the unbalanced, 
force. The shaft being bent the air gap is reduced on one 
side and an increased unbalanced magnetic attraction is pro¬ 


duced which is added to the original disturbing force and further* 
since the centre of gravity of the rotor is whirling with, 
the neutral axis in a circle, a centripetal mass-acceleration 
is required to maintain the motion. Steady motion is obtained 
when the shaft is bent to such an extent that the elastic 
forces set up by bending are just sufficient to balance ■the 
magnetic a tt rat ion and to provide the requisite mass-accelera¬ 
tion. Such steady conditions cannot exist while the rotational 
speed of the rotor is charging, because the frequency of the 
forces brought into play is charging continuously. 

A useful light is thrown on the phenomenon of the 
production of unbalanced force, if we apply the fourier’ s 
analysis to the fields shown in the diagram (No. 4*3). In 
the figure (No. 4-5) the curve represents the difference 

between and the 4 pole component of j#2 (i*®* fundamental 
component) a flux wave which moves from right to left like . 



0 ^ represents the six pole component of 02 which 
moves from left to right. 0 ^ represents the resultant of 
these two flux waves at a certain instant and the corres¬ 


ponding force diagram is shown in the next diagram 


i\IO 


4.6 ) 


These two diagrams show the characteristic feature of 
the resultant field produced by a p-pole field with a (pi: 2 ) 
pole field, via., that there is a strong zone the centre of 
which is immediately opposite to that of a weak zone, which 
leads to a pronounced unbalanced magnetic pull. This force 
can be represented by a radial vector rotating about the 
axis of the rotor . 

If a p-pole field be combined with a (p x) pole 
field, where x - 4,6,3,10 etc., there will be x /2 strong 
and x /2 weak zones distributed regularly round the peri¬ 
phery of the rotor and the forces will constitute a balanced 
system. It is only when x =2 that unbalanced forces arise. 

(c) ¥einottj_s ” permeance method” to find the noise freouencie s 
that nay be expecte d from a motor : 

Mwiiininniiiiinni>iiiwiiiii—i — mu p iiiii H i QiyqmpftfiwwniiiiMimniaBUiwiiiwiOTMMiuiiTTTinTrfltwwniMirwfrft^ m i iiw— rTwriTTrTmTnnrr rt i n i n ir i "nr 

It can be seen from Morrill’s treatment that the noise 
frequencies that are predominant in the motor depend solely 
upon the number of rotor teeth and rpm. and not upon the 
number of stator teeth,or upon the combinations. 

Consider any single stator tooth carrying flux. Is 
each rotor tooth passes a stator tooth, a pull is exerted 
on the latter. There are 20 rotor teeth in our machine which 



is revolving at 1 5 00 rpm. (synchronous) or 25 v evolutions 
per sec; then, the frequency of the radial force on the 
stator tooth is: 


- 

20 X 

25 = 

500 

cycles per sac. 


If the st 

a tor i 

0 is v 

,o ci. 

lereised at 50 cveles 

of 

the force of 

attra 

. c ti c 

) n be twe a n oh 3 r 0 to r ■ 

is 

100 cycle s . 

This 

1 00 

cycle force is super 


freque ncy 


the 500 cycles giving two side ba nd frequencies either 
side of 500 . The three frequencies are, therefore: 



500 

ft 

O 

O 

f 

4OO cycles 

per sec. 




500 eye les 

per sec. 

■ 

500 

f 

O 

O 

u 

600 cycle s 

per sec. 

The 

second 

harrao nic 

of the stator tooth pulsation 

frequency 

due to the rotor 

teeth and the 1 00 cycle side band 

frequencie 

s are: 





2 x 

20 x 

ro 

vn 

18 

f n^i 

O 

O 

O 

cycles per sec. 


1000 

- 100 

= 900 

cycles per sec. 


1000 

100 

= 1100 

cycles per sec. 

The 

third tarraonic 

and ac companying side band frequen- 

cies are: 






O v* 

Jflkrn 

20 x 

25 = 1500 

cycles per sec. 


1500 

~ 100 

- 1 4OO 

cycles per sec. 


1 500 

100 

- 1600 

cycles per sec. 


Fursuirr” this method, we might expect to find other 


frequencies present which are function of the number of 


stator teeth 


A » 


The pulsation frequency in the rotor teeth at 1300 
rpm. with 23 stator teeth is: 


23 x 2 5 = 700 cycles per sec 


We might logically expect a pull between the stator and 
rotor at frequencies of: 


700 

cycles 

p er se c 

♦ 



*"4 

O 

O 

1 

- 100 

— 600 

cycles 

pe r 

sec. 

O 

O 

>>- 

100 

- 300" 

cycle s 

oer 

sec. 


u'e might also expect to find frequencies of 


cvcles per sec 



1400 - 100 = 1300 circles per sec, 

14 00 100 - 15OO cycles par sec. 

The above method is quite useful to predict the noise 
frequencies that may be expected. But to find the possible 
noise frequencies are not of much help to predetermine 
the noise of a motor, 'To determine the actual harmonic 
forces Marrill's method outlined already is quite useful, 

{d) Noise due to dissymmetry harmonics : 

All the theories till now considered, is defined 
by D.F # Muster and G.L. Wolfert as " the first-order motor 



no Is e pro bl am 1 '. 



This includes proper selection of such 
items as a rotor stator slot, combination, winding distri 
but ion, amount of skew, open or closed slots etc. so that 


the noise level expected from a specific motor design will 
be as low as possible. It is assumed in these theories 
that the permeability of the rotor and stator iron is infi¬ 
nite (no saturation exists), the stator voltage and current 
are sinusoidal and the air-gap is uniform around the peri¬ 


phery of the motor 


motor de.signed in accordance with 


these theories should produce a minimum of magnetic noise 


with components at only 100 cycles per second and the fre¬ 
quencies of the basic slot permeance harmonics. Qualitative 
treatment of this has been done by many some of which have 
been de scribed. Among the quantitative treat me nt Morrill’s 
analysis has been dealt with. 


However, the motors still produce noise much of which 
cannot be accounted for by theory. This is due to the 
effect of dissymmetries (mechanical and electromagnetic), 
nonlinearities (e.g. caused by saturation) non uniformities 
and the inevitable clearances and tolerances incident to 
the mass production of motors. In their paper Muster and 
Wolfert have presented a method of (qualitative) analysis 
which yields the characteristics of radia 1 force waves 
produced in a single phase induction motor by intermodula¬ 
tion between air gap permeance variations caused by rotor 
and stator slots and rotor and stator dissymmetries, 
winding distribution harmonics and stator current harmonics. 








This method is not elaborated her 


U 


L. Aleer, descri 


bes this method as an important progress towards the right 


direction in the analysis of noise in rotating, machinery 


and hopes that this will be followed by quantitative analysis 
of the "residual problem" (the noise that is not explained 
by the first order motor noise analysis). 


B. Other reasons f or no ise in a si nale phase machine: 


Ma gn etostriction: 


A magnetic material, when magnetised 
changes its dimensions. This is called magneto strict! on. 

Most of the steels used in electrical machines lengthen 
parallel to the direction of the flux lines and contract at 
right angles when the intensity of magnetisation is increased. 
This is independent of the polarity and hence, an alternating 
flux causes the core surface to pulsate at twice the supply 
frequency. Though the variations in the dimensions are 
small it is enough to set up sound waves in the surrounding 
medium. 

C. Coil vibration: 

When conductors carry currents forces are set up which 
cause vibration of the conductors. These forces are propor¬ 
tional to the square of the current and the vibrations will 
be at double frequency. 

D. Inter laminar fluxes: may also result in vibration 

of the individual lamirations and this may be source of 




noise if the core laminations are not tightly held together. 


ill « 


Resonating rarts: in the machine and. fan intensifies, 


noi se 


F. Sinele-phase torque pulsation: 

The inherent pulsating’ nature of the single phase power 

'****+' 

yields a pulsating torque component in the output. This 
causes further noise in a single phase motor. The pulsation 
of torque has been dealt with extensively in another chapter. 


NOISE REDUCTION METH OD 
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The main causes for the noise in a single phase motor 
having been discussed at length let us proceed to find the 
methods to produce quiet motors. 


It has been seen that field ha monies produce unbalanced 
radial force around the periphery of the induction motor 
which causes vibration and noise. Harmonic reduction and the 
factors for such reduction by va rious methods have been 
explained in a noth er chapter briefly. Larger air-gap reduce 
harmonic s to a certain extent. Elastic mounting suppresses 
the vibration & noise due to the double-frequency torque 
inherent in a single phase motor. These methods are touched 
brie fly. 

Except skewing other methods of harmonic reduction 
(distribution of winding in a number of slots, having short 
or long pitch coils) cannot reduce the tooth harmonics and 



/ jS 
to s» 


so these ars the most disturbing fields as -far* a« „ • 

■*= as iar as noise is 

208 the t00th harmonic fields depend upon the 


co nc emed 


umbero of slots in the stator and rotor, these numbers 
their combination are important. The slot combination is 
discussed in detail, starting with a method to find a suitable 
number of rotor slots which will avoid fields with two pole 


di ff er enc e 


. r r 1 

V - 4 - 


rhen Kronf s rules to avoid lower number of 

-orce poles are stated in brief T pcs-i-i-ir t , 

uiiui, nastiy bank’s method of 


e motor by 


Harmonic Chart is extended to the single thas 
charting out all the harmonics that may be present in our 

motor and checking up for lower number of force pole-pairs 
that may be present. 


^ • Slot Combi rat i Q n: 


It has been seen that th*» , - . 

c tone toxisuence of lower number of 

X OP C 8 IDO 1© S due to th © h&Y*TTinrri r> -fM -i -3 

O Uie narmonic melds was one of the main, 
reasons for noise. Since bamonics other thin tooth harmonics 
can be reduced to a considerable extent by methods explained 

in another chapter, only tooth hsi-rmn-n-i«<-. -,o n 

* y 00i:n harmonics could play -an impor- 

tant part in the production of noise. In order to avoid the 

presence of lower order of force poles suitable slot eombi- 

mtions may be adopted, so that the harmonic fields introduced 

by slots would not produce lower order of force poles. Let 

us first consider a rule determined by Chapman which ena 

o avoid 2 poles difference between two fields which results 
in unbalanced rotating force as already seen. 


(a) Chapman’s rule to cho 


ose_mmbers of slot* for sguirrel 


case r 

iMwMuuuwiiwiiMk 




oie s: 



i'he stator of a single phase field will produce bar me 
.lies which csn h6 x*<3pr*0s0nbi3d, 


4 k-j 


4 - 


1 where k-j is any a positive integer 

e with p poles, the possible numbers of poles in the 

component stator -fields are r, ir. c r r,„ . 

dle P> JP) PP, 7p etc., or geners 

{if k 1 "t 1 y p. i.f Q 2 be the Ho. of rotor slots then the 
possible values of rotor harmonics due to the nth harmonic 
form an infinite series and the general term is: 


Q 2 k 2 

p/2 

2Q 2 k- 

im» w mm m « 

P 


n where k 2 is any positive or -ve integer 


^ n 


P h = 2Q 2 k 2 + n P 

, . * ?or a single phase, we must have 

Uk-I - 1) pt 2 ^ 2Q 2 k 2 4 - (4k 3 ± 1)P 

where k-j & k 3 are positive integers. 

4p(k-j - k^} - 2 s 2Q 2 k 2 


. Q 2 k 2 / P k 4 " 1 where k^ is a positive or 

negative integer. 

Since k 2 =1 and k 2 = -1 are the only, cases of practical 
importance we finally obtain. 



Q2 l 


ok 


h 


i.e. the number of rotor slots must not 


aif fer by unity from any multiole of the 




o 

C? 


number of po les for which the stator is wound 

JCBSU^aa ft g, ^ rvu&simw Biy-cngatfiK..B g&u iMt j**aHKBL8«zaa^ ) un. mt zn m> m vi 


±a the case oi a 4 pole rnachine, for instance, the rotor 
st not ha ve an odd numbs r of slot s. 


(b} Kro n’s rules: 


fore recent investigation and articles have added still 
more to our fund of knowledge on the selection of the number 
of rotor* bars which will let us design the motor still quicker 
and eliminate some that would still retain if we tried all 
those without a 2-pole difference. 



Gabriel Kron states that vibration and 


noise are 


liable tq be present as follows: 



When the slots 


differ by half the nuber of poles torsional 


vibration and noise rray occur. 


2. When the slots differ by one or by the number of poles 
plus or minus one, transverse vibration and noise may occur, 

3. When the slots differ by the number of poles, torsional 
vibration and nois e may occur and also rumbling noise un¬ 
accompanied by critical vibrations. 


The chance that the noise occurs in the working range is 
great with smaller number of poles, higher speed, and with small 



When these noises 


transverse or torsional critical speeds 


ao occur the motor is practically useless 


c ' —h armonic chart to determine suitable slot 

»+, rww .,,-„, —T ~~ TT I Ti ll I I — _ JT*7 ^ ^ 


r* 


■£2^^i^aLtac L±L-r- modifie d to suit single pha se motors? 

All the harmonics that are present in the flux of the 
air gap of the motor can predicted, by the method of harmonic 

hart* explained by Mr. Garik, modified suitably for the singl 

* 

phase corxiitxon® i his cInept can easily be used to \r 0 rify 
whether the slot combination selected will produce a quiet 
210 tor or not® The method is a vex 8 } 7 ’ simple one* 


0 


The current in the stator of a single phase motor 
produce pulsathy space harmonics which can be represented by 


n 


4 k 


4 - 


1 where k-j is any positive integer 


This represents only pulsating harmonics, being single phase 
A pulsating field can be resolved into two oppositely revol- 
vipg fields each having z the amplitude as the pulsating 
field, these revolving harmonics can then be representedv-by 


n 


iUki ~ 1) where k 1 is any positive 


Aach one of these revolving harmonics induce rotor flux 

which can be represented by an infinite series, the general 
term of which is: 





p/2 


-\- n 


re ko is 


positive or negative 


integer includiig zero 



The stator slot harmonic 


o 

o 


•p. 

iTf 

b l 


Q 


A 


TTV 


y/0 

* / **-v 


, c Jw 


where Q-j 


total no, of stator slots 


The rotor slot harmonics 


-V 


s 


0 


2 


p/2 


-n order to avoid the inconvenience of calculation 
with fractional harmonics, it is expedient to introduce a 
reference wave, a two pole wave, the length of which is 
equal to the circumference of the machine, regardless of 
whether such a harmonic exists or not . 


Heme as per this 2-pole reference wave, the 


mam 


wave will now be the p/2th harmoni-c. Hence the formula 
given before for the various harmonics are each to be 
multiplied by p/2 in order to get their order in terms 
the new reference wave. 


n f 


(if-k-i 


4- 


1) p/2 


I 


0.2 

(k 2 -+ n) p/2 

p/2 


n 


s 


( + 


Ql 

0Sat 

p/2 


*4" 1) p/2 


(kgQ^ 'i* n ! } 


ssi 


( ’ 


Q2 

p/2 


4 "1 



e actual harmonic chart is given for the machini 


constructed for this thesi 


o « 


The number of stator 


rotor slots are 28 and 20 respectively 


Ql 


28 ; 


Q2 


20 



Stator tooth harmonics 


14 1 


Q 9 
* 1 / . 


ggg 


28 

4/2 




Rotor tooth harmonics 


20 


4/< 


2 


15 & -13 


10 ™v 1 


11 & 


Refering this to the new reference, the 


n 


s 


30 & 


26 


* 5 


kt 


se 


22 & -1 


c*. 

o 


JL. 

o 


With resoect to noise, the most disturbing combina 
ions of flux waves (of stator and rotor) are (a> those 


the stator slot harmonics with the rotor slot harmonics and 
(b) of the rotor harmonic s produced by the stator slot 
harmonic s with the main wane of the stator, For these 
combinations low values of force pole rain are to be avoided. 
In the present case, the force pole pairs due to the combi¬ 
nation referred under (a/.is 


P ! 1 


26 h 22 


4 force pole pairs 


and due to the combination referred under (b) is: 

p’ 2 =2-6 =4 (4 force pole pairs) . 

Hence in this motor the minimum force pole fairs is 4. 

p ? = 1 is the most disturbing one. This is absent in this 

* 

motor , Therefore the motor should not have much vibration 
and noise. 




Stator harmonic s 



I-*- = Kotor narmonics = 



k 2 Q 2 -f Q 1 

mm tsm ossa mst> mm 'ran am 

k 2 = -I 


0 
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# rotor harmonics produced by stator slot harmonics. 





2. Karroon ic reductions : 


As the harmonic fields produce noise as indicated an 

. 4 .ui « «UnTvt“nt~ no cleax' that these x a el d s 

the earlier portion 01 thj.s chapter it 

should be minimised. In the chapter on harmonics different 


The 


methods have been indicated to reduce the harmonic fields, 
slot harmonics produce objectionable noise frequencies very 
near the peak sensitivity of humar ear. As only skewing the 
rotor slots or the stator slots is the only method to reduce 
these harmonics, skewing is an important method to reduce 

noise in motors * 

3 . Production of sinus 0 idal_j ^ave_Xqrntil 

If we make the air gap wave form as sinusoidal as 

possible the harmonic contents of the space flux is reduced. 

. , . ■> v -i-v ^ npci p*n r>r iiilGctries .1 icacbines 

Khulman gives m his book on the design o- 

a method to determine the winding in order to lave a sinusoidal 
distribution of flux. This method is adopted in the design of 
the single phase motor made for tins thesis and the design 
chapter may be referred to for this method. 

A. Larger air gap : 

Since large air gap lowers the field harmonics, an 
increased in the gap width therefore reduces the noise. 

However larger air gap is not permissible in small induction 
motors as this would further worsen its already poor power 


factor. 



The lamination, shaft and frame, should be made 
adequately stiff and the natural frequencies of the me chi 
nical parts should not coincide with the frequencies of thu 

u no re s s e d magne tic forces. 

Alo-er writes that care should be taken to avoid 
mechanical resonance of all parts of the stator frame and 

Q2 


end shields in the frequency band 
as otherwise objectionable noise might be produced 

the machine constructed for this thesis 


t 

2) line 

frequency 

be 

produced . 

For 

> 3 

o 

1! 

K3 

O 

a 

p — 2 

600 cycles per sec. 

radial force 

due to 


Therefore the frequency Land is 400 

This is the band of frequencies of the radial force aue to 
the rotor teeth as found earlier by Veinott&s "termeance 
method n (to find the noise frequencies in an induction motor 

5 • Elastic mountin g! 

The pulsatiqg torque of a single phase motor is also 
a soU r C e of noise as already mentioned. One remedy xs an 
elastic mounting such as a rubber ring around the bearing 
housing, providing torsional elasticity with a maximum of 

radial stiffness. 




B5 B3, J11, J12, J13, J15, J16 and J17 




CHAPTER MO 


-vaim* **■«*» 4«»n*» 


DOUBLE REVOLVING FIELD THEORY 


The revolving field theory is first applied to a purely 


single phase operation, I 


o 

& V** * J 


with only one winding connec 


ted to the alternating current supply. The fundamental 
concent whic h is the basis of the revolving field theo ry is 
explained; the motor is considered as equivalent to 2 two- 
phase motors and based on this equivalent circuit is evolved 
and basic equations for current, torque, output etc. are 


derived 


Then the single-phase motor with both the main and 
starting windings across supply is considered. Mr. Wayne 
J. Morrill's classic paper on capacitor motor is mainly foil 
owed to draw equivalent circuit and to obtain expressions 
for currents, torque (starting and running), output etc. 


Lastly the method of performance calculation based on 
the double revolving field theory - called n Apparent 


Impedance Ketho 


is explained in detail 


Consideration wi 




liyld is equivalent to two equal and oppositely rotat 


i 


'ieldsj each of which develops its own t oroue on the mot of 
- it standstill the two torques are equal and opposite; but 

for any rotor speed, one of the torque dominates, because 
the slips are different. 


Assume the single-phase stator flux to be sinusoidally 
distributed in space and varying sinusoidally in time. If 
21 be the wave length of the space distribution, the flux 
may be represented by 


0 


0 sin 




Therefore 0 


T 


CO s wt 


0 ' ?x 

sin { *——— 
2 T 


^ wt) -v sin 


If X 


rp 


0 T x % 0 T x 

— sin ( —— - wti -- sin (— 

2 T 2 T 


(1 


wt) 


wt) <*■ 'I 


(Forward wave) ^ (Backward wave) 


That any function f ( 


x 


T 




wt) is a. travelling wave 


of fixed shape and magnitude can be checked as below: 


Let us out 


Jfc. 


T 


"V 


wt 


Constant 


k. Then this defines 


a particular value of, or point on, the given functio 


n 


j?or any instant of time n t :! there*' is a corresponding ’»x rt 
for which the function has this same value of constant k. 


in fact the velocity with which the point travels is 


found by differentiating the above expression 
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wt 
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5) 


ihus the pulsating flux is expressible as a pair of 
oppositely rotating fields of equal magnitude (See fis . 




1) 


ihe exposition sometimes found in text books of putting 

;jwt — jwt 

cos wt = _____ + -- and concluding that the 

pulsating field has thereby been expressed as a pair of oppo¬ 
sitely rotating fields in ha rdly acceptable, since the motion 
of a travelling wave or rotating field connotes somethin* 
happening i n. spac ean d_J.n_ time . There is nothing about 


space in e 


jwt 


it refers only to a time diagram 
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If the motor speed is w and synchronous soeed - 
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then the slips with respect to the forward and backward fields 
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ph ase motor equivalent to two 2 pha se motors. 

~t is convenient to consider the single phase motor as 
two superimposed 2-phase motors, having forward ani backward 



rotating lie Ids respectively as shown in the figure 2, 
actual stator wiping of N m turns contributes N m /2 turns 
to each 2-phase motor and the stator currents are the same 
in each so that the phase-1 ampere turns balance is 
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hut the currents in the phase 2 coils must be opposed 
in order to develop revolving fields of opposite direction 
and their superimposed ampere turns therefore cancel. Thus 


the two fictitious polyphase machines 
the actual single -phase motor. 


superimpose to form 


iiach 2 phase motor has a stator resistance of 
ohms per phase and reactance of ohms per chase 

the stators are in series there must be 2 R. 
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r s and 


s = x s satisfy the sipgle-p&ase stator impedance 
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i£ga.er^l_e qua tip ns . from t he revolving fie ld theo 
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Hefering to figure 5*2 and usirg subscripts f and b 

to distinguish the forward and backward field, we can write 
the general equation for the motor. 

The stator voltage equation is 
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ihe two rotor voltage equations, referred to th 


e s tat or a re 


0 


•%*m "V 


1 r 

~r 0 *■”-) 

s 2 


( 10 ) 


0 




r r ? 

bm 1 ~— -f j 

2(2-s) 




) I 


rb» 


(11 


In the two equations above a distinction has been Bade 
between the referred rotor resistance for the forward field 

--- and that for the backward field . I n the former 

^ 2 
case the rotor frequency is very small and so the skin effect 

is negligible , viiile in the latter case the freauency is 

about twice the stator frequency and the skin effect very 
higji. 


For each polyphase motor the sum of the stator and 
rotor currents (referred) is the exciting current responsible 
for the main flux and for the careless, as accounted for by 
the exciting impedances. 


•**w» 

10b 

Hmfm 

■kfm 

(12) 


z m/2 


Z 0b 

= i m'b 1 rb l 

^fm 

mm mm mm mm 

mm 

(13) 


z m/2 


(d) 

The equivalent 

circuit, torque and output : 




The above 
preted in terras 
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ive equations, N 0 . 9 to 


of the equivalent circuit 
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shown in the figure 
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the refer circuits is snail compared with 
and the circuit reduces approximately to 


impedance through 
the exciting imped a nc 
fig, 4 , and 
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from which it is clear that the 


measured test values of the 


rotor impedance are double the equivalent 


circuit values. 


On running light test, s - 0 , the impedanc 
through the r r /2 branch is infinite and that par 

J* 


branch 

of the 


circuit is open, but the impedance through the r r t /2 branch 
is small oompared to the exciting impedance, fig. 5 ; and so. 
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Heixe — can be determined from volt, current and nower 
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measurements under running light conditions. Solution of the 


equivalent circuit, in fig. 5.3 
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torque in synchronous watts is then 
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which shows that the torque due to the backward field opposes 
that due to the forward field. The two torque curves and 
their resultant are plotted in Fig. 5 . 6 . It is clear that 
the torque passes through zero a little prior to s = 0 . 
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(a) General: 


Wayne, 



Morrill in his classic 


paper on capacitor 


motor, used the revolving field theory to show how it is 
possible to explain and calculate the phenomena which appear 


in the operation of the motor . 


Ke treated a capacitor motor as an unbalaneed/directly 
across the same line* First of all the equivalent circuit 
and general equations for an unbalanced two phase motor are 
obtained and then applied to capacitor motor* 
i^two phase motor in which both the stator phases are connected. 



■pu 


ie actual derivation of the general equations is 

done here in this dessertation, but they are just men- 

tioned. (However the equivalent circuit is evolved here 
below 


These equations can be used as such for the starting 
characteristics of the capacitor -start motor. Further these 
adopted for the single phase operation as the special 


can be 


case of a capacitor motor in which the auxiliary phase 


c arrie s no c urrexit 


(b) Equivalent circuit: 


In the revolving field theory of single phase motors, 
the pulsating sinusoidal flux produced by the stator winding 
tn, is resolved into two equal sinusoidal waves of flux 
glindipg in opposite directions around the periphery of air- 
gap at .synchronous speed, ihe effect upon the stator produced 
by each of these revolving fluxes and the induced forward 
and oackward revolving rotor fluxes can be represented by 
a parallel circuit oi two branches. One branch is the mag¬ 
netizing reactance and the other is composed of the secondary 
leakage reactance in semes with the secondary resistance 


devided by the slip as shown in fig. 3 
dance is also represented by r 
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The primary imp© 
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However there is another winding (s winding) displaced 
in spac e by 90 ° from th e m wi 


. The pulsating field 
produced by this winding also can be resolved into two 



oppositely revolving fields and an equivalent ci:r 
this can also be drawn similarly. 

The equivalent circuit as shown in figure 
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individually for both the windings when the two 
excited not simultaneously,, For both vd. ridings i 
drawn as shown in figure 5 .7 • 

However in an actual single phase motor wi 
winding, the k fluxes super-impose without disto 
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equivalent circuits are the same as before except that in 
addition to the forward and backward voltages induced in eac 
phase there are forward & backward voltares due to the fluxes 
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of the other phase, Assuming that the m 
forward by 90 electrical degrees from the s phase in space, 
the voltage generated in the m phase by the s - forward f! m 
must lag 90 time degrees from the voltage which the same 


(s forward) flux produces in the s phase; and since the 


ratio of turns on th e m phase to those on 
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Hence under this condition the equivalent circ 
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drawn as shown in figure 5.8 
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From the equivalent circuit: 
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Solving these two equations for i m and I s , we have 
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The values for r**, x f , r ^ can be obtained by actually 
solving the concerned part of the network shown in Fig. 7 
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It has been shown by Morrill that the general equation 
for the torque of an unbalanced tx-so-phase motor. 
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A erce the sta ^ti:qg torque of the capacitor start motor can 
be found from this formula since at starting the capacitor- 
scari, motor is an unbalanced two phase motor* 

•n'srm 

—t v.an be noticed chat some oz the toreju© corxoonents 
are constant while otters vary sinusoidally with time at 
twic e 1 ine frequ ency, 


Over a period of time corresponding to ary number of 
complete cycles of the line voltage the alternating torque 
integrate to zero and the average torque is: 


cs 

o 


T (m?) 


(I ffl -y k^I g ) (rp-rp 21^,1 s k(r^-^. rp sin 0 


(3.1) 


The maximum value of alternating torque is 
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(alt*max*} = J cos 2 dp r r r b^i“ ^ x f~ x bL 


Hence for running condition of the capacitor start motor 
the torque equation can be written as below (by setting 
I g s 0 in the equations 30,31 and 32 ) . 

^ Uf P "V ( r f“ r p cos 2 wt -* (xp-*x-p sin 2 wt~j (33) 
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“ n 4hs a qua t ion Mo. 3 3 for tbs to roue under 


r running 


condition, one component (r f - r b ) cos 2 wt, of the alter- 
natir^ toroue i s proportional to the average or useful torque 

ni., 

of the motor and therefore is not controllable by design. 

The other component (x f - x b ) sin wt is greatest on light 
loads am is su .ject to some control by design thous'h an 
attempt at such control would probably be too cos tly for 
practical purposes. 
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) Out nut: 


ie general equation for the out nut of an unbalanced two 


phase mo to r is: 
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The output of the single phase motor is therefore 
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W.O. - I 2 (r f - r b ) (1 - s) - w f 



(f) Input: 

The input can be calculated as the product of the 
voltage Impressed on each phase by the in-phase current plus 
the iron loss. 
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xiiach of the above 4 equations are functions of 


independent variables if 


s 2-s 


are considered as 


a single variable. Functions involving three independent 
variables of the preceding equations be expressed as per 
unit of one of the independent variables, it is possible 
to reduce the number of independent variables by one. This 
can be done if both sides of the above 4 equations be divi — 
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ded by ( --) and both the numerator and den urns rator of each 
of the r.h.s. member of the 4 equations are divided by 
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per unit backward field apparent 
reactance, (41 ) 


In the above equations, we will define the independent 


var ia ble s as below: 
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r .h. 


n the c &sis of these definitions of independent 
vaiia oles there are only two independent variables in the 

s. members of equations for per unit apparent resistance 
and reactance, oince the only difference between, the express!or 

•Jut 

for per unit apparent forward field resistance and reactance 

and the similar expressions for the backward field is the use 
of 
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in place of 


r 
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2~s 


the curves for the forward and 


backward field apparent impedances will be identical and only 
two families of curves n-eed be drawn* 

In the figures (Ho there are shown curves of per 

unit apparent resistance and per unit apparent reactance 
plotted, for definite values of per unit secondary reactance 
and as a function of the reciprocal of the per unit secondary 
resistance for slips of s or 2-s (The reciprocal of the 
per unit secondary resistance has been chosen as the indep¬ 
endent variable because the resulting curves spread out in such 
a fashion as to make them more easily and more accurately read) 


e the procedure to find the apparent impedances* is 


as : 


ows 


First find the per unit secondary reactance 
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fixes the curve to be referr^H t„ _ ,, 

c idiCUea ‘ in case the value of 
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the proper curve has been selected, the corresponding value 
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is obtained as the product of the jar unit apparent resistance 
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the magnetisirg reactance 


La£°&Bce-Q£-siijele phase motion: 


;ve re 


It is desirable to consider the core loss as if it 
result of a high resistance in parallel with the 


entire motor and to neglect the effect of the flow of the 
core-loss current through the primary impedance of the motor 


Win 


this approach is employed, the core loss nay be intro¬ 
duced as an input which is added to the input determined 
i rom the idealized equivalent circuit, T]js two other losse 


which must be accounted for in making an exact sirgle-phase 
motor calc ulation, are the rotational iron loss and the 
mechanical friction (fricti on & windage). 

If it is presumed that the rotational iron loss and 
the mechanical friction are both known (say = Wf) then these 
can be accounted for if ¥p be subtracted from the electri¬ 
cal output as determined from the idealized circuit. 
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The 


TQ 


■ ase induction motor consists of a primary 
winding connected to a source of alternating potential and 
placed in inuucc_^va relation to a short—circuited secondary 
winding which can move relative to the primary winding. 


A complete iron path, except for the air-gap necessary 
to allow relative motion between the two windings is provided, 
for the flux which interlinks the two windings. This inter¬ 
linking 11 ux is produced by the primary winding because of 
its connection to a source of alternating potential, and it 


is the effect of this flux an the 
winding in which we are interested. 


short-circuited secondary 
This will be dealt with 


in some detail in th is chapter. 


STATOR RdACTIONS: 


The stator winding is so arranged that when it is 
energised from the supply line, the magnetic field which it 
produces alternates cyclically along the vertically-axis. 

Let us assume that the turns of the warding are so disposed 
in the slots of stator core as to produce a sinusoidal space 
distribution of flux circumferentially around the Air gap 
under the polar areas and that with reference to time the flux 
also varies sinusoidally of the total nagnetic field, a - 





small portion encirclas only the stator xrrluotcrs without 
crossing the air gap into the rotor. This leakage flux is 


co nsi 


~rvd to feive rise to the leakage reactance volt 


age in 

the primary windings. The reminder of the nagnetic field, 
the mutual flux j% interlinks the rotor as. well as the 
stator inductors. This concept is shown in fig. 6 1 

The rotor inductors could be considered to be paired 

at any instant with those on the otter side of the vertical 
plane, as shown in fig. 6.2 


Ihe periodic variation of the mutual flux of the 

main field induces a transformer voltage both in the stator 
winding and in the rotor ^winding. . In the stator winding, 
the vector difference of this transformer voltage and impre¬ 
ssed line voltage is the leakage impedance voltage and it is 
proportional to the primary current. (Its variation between 
no load and full load causes a small change in the magnitude 
of the mutual flux jZ$]>! winch is ignored and the flux is 
considered constant in this analysis). 
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T RAMSFOEMdR VOLTAGE dl'ldCTIVd IN THk y AXIS 


In the rotor winding the transformer voltage which is 
induced there by the alternations of the min field j<$ m is 
only one of the several component of voltages which are to 
be individually considered during the development of this 
theory. The amplitude of this induced emf, is determined 
by the magnitude of the mutual flux, by the frequency and by 



In time 
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the equivalent Mo. of turns in the rotor windirp. 
phase , the voltage is in lagging; quadrature with the flux 
0 m . This voltage causes currents in the closed rotor cir- 


^urth er 


cults as shown by the paired inductors of Rip g o 
the induction of this transformer voltage is not influenced 
or modified by whether the rotor is stationary or in rota- 
ti°n 3 since, in rotation, the successive inductors momen¬ 
tarily form new pairs as they pass through the vertical plane 
the trace of which is the vertical 7-axis* 

The transformer voltage induced in the rotor may be 
designated by appropriate subscripts; T for it results from 
tiansformer action; T* for it is due to the main mutual 
lie la 0rnJ and y ror it causes a resultant nraf. along the 


y axis 


TMy 


The direction of the induced voltage and the 


direction of the dependent magnetic effect of its current 

*> 

through the resultant rarnf. are more simply represented 
by considering all of the paired inductors in Fig. 6 . 2 . to 
be replaced, (for the particular instant considered) by a 
coil of an equivalent number of turns and located in the 
horizontal plane, through the rotor axis so as to retain 
the same magnetic y axis, as shown in figure 6.3. 


In the development of the following presentation, 
one particular instant of time is assumed, although it will 
be observed later that the same terminal results obtain 
by the use of any other chosen instant. The instant of time 
to be considered is shown by the vertical line on the time- 
phase diagram, in Fig. 6.4. 



At this instant the curve • 

car/e representing the stator 
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ti°n is made that the unoer s tat Qr ™ 1<a p- , 

l oUctu0r pole in fig,. 3 i s Q f 

north polarity. The voltage is sholIa ln ^ tlma 

phase diagram (Fig. 6.4) as curve 2, having been drawn 
m quadrature lagging phase with refersnca tQ ^ 
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field 0|4 which induce 

determined by Lens's law. Its di tw-m • , , 

* ■ LX,S direction is such that its 

resultipg magnetic effect alone the v oy-- Q , 

bn « y-axxs opposes the 

of the stator fi»] h pj>, .x ,. 

il “ ia m and this direction is so 


increase 


xndicated in the space-phase diagram 


» - ig. 6.3 
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— mot or by mN FTLT.n 

“ Vh8n th ® rotor inductors rotate through the main 
xield 0 M speed voltages are generated in one direction in 
all of those inductors which are, at_the instant , above the 
horizontal plane and voltages in the opposite direction 
m inductors occupying positions below the horizontal plane 
These inductors, may also be regarded as paired, each pair 

having its magnetic axis individually coincident with the 
•C-axis as shown in fin.' 6.5. 

This speed voltage is identified as 3 SJ& S-standing 


Tor generation by speed action. This voltage is in 

and is shown as curve 


time-phase with the main field jZL 


( 3 i in Fig. 6.4. If the motor is operating on load, it 
has an appreciable slip and tence the sresd voltage jjoi" 
is less in magnitude than the transformer voltage 




,jo^l if A «■ 
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The transformer to It 


age, is or course 


4 > 


i “nr p 


te nde nt of the 


speed 


ine currents in the paired conductors which result 


from the speed voltages, produce their 


a nd he nc e their 


resultant field jZ 5 q, along the x- ax is. By reason of this 
Quadrature axis lie Id, t n© name s *Cross—axis** theory is derived 


ors possesses;: the traits 


of an iron core inductor, with no other winding to act upon, 


this exciting current I x of the rotor, that results from 
the speed voltage, lags dSj v j£ in time phase by nearly 90 
electrical degrees. In the interest of simplicity, the qua¬ 
drature field 0q is considered as being proportional to and 


in time-phase with the rotor exciting current I x rather 
than being in phase with the magnetizing component of the 
exciting current a current which lags I x by a small angle 
and which lags JSgj^ by 90 electrical degrees. 


The quadrature field 0 q is so drawn in time phase 
with I x in the Fig, 6.6, - shown as curve ( 5 ). 

As shown previously, a*t a particular instant the 
quadrature flux 0 q nay be regarded as being caused by the 
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curre nt T 


x x in an equivalent hypothetic 
coil which replaces in effect the mmf s. of all the oai 


'* At 


inductors on tne rotor. This equivalent hypothetical coil 
is shown in the fig. 6.7, and for the instant 1 when the 
uupei ixib in pole is of north polarity ? aixi for a counter—cloc 
wise direction oi rotation^ the direction of the pens rated 


K 


speed voltage do- 

1 ^ ox v * 


IMx tnis coil is also shewn 


The polarity of the quadrature field at instant 1 


o a 11 

^tfi 4* 'Ai 


be obtainsd by referring to figure 6.4. Because of the large 
phase angles of the rotor cross field current, I x lags 
behind the speed voltage which causes it, its polar! 

at instant 1 is directed oppositely to d c -„ v . Hence in 
figure 6 , 7 , the exciting current I x is shown inward for 
the inductors at the top of the equivalent coil, as against 
outward for the voltage, jJlgjgx: . The vector diagram for 
these are shown in Fig. do. 6.7(a). 


5* Trans_,forme.r vol tage induced in roto r by Quadrature field: 

..... III .... 


Tig. 6.6 shows the curve of quadrature field (curve 5) 
to be decreasing toward zero at instant 1, and, because of 
this, transformer voltages are being induced in the same 
group of inductors in which speed voltages from the main field 
Pm are being generated. By the application of Lenz's law, 
the induction is found to be in such a direction as to sustain 
the decreasing quadrature field, and thus these induced 
voltages are seen to be oppositely directed to those generated 
by speed action from the main field. The voltages are inward 
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for the inductors above the x-axis ard outward below 
voltage b,j.g x is shown in figure 6.7. 


This 


The transformer voltage S TQx which is irduced by 
the quadrature field j2) Q lags the flux by 90 electrical 
degrees, ihe magnitude of -dyQ X is almost equal to that of 
the speed voltage, being less only by the vector 

difference of the rotor leakage impedance voltage which results 
from the small rotor current I x . On the time-phase diagram 
this transformer voltage % Qx is drawn as curve (6) in 
lagging Quadrature with 0 q and in magnitude a little less 
than that of —'brlx• because these two voltage curves are 
quite in. phase opposition, the value of b i j i p x at instant 1 
is lightly greater than the value of b SMx , a fact which 
accounts for the rotor exciting current I x , being momen¬ 
tarily in the direction opposite to SMx:» as previously des¬ 

cribed and shown in Fig.7. Hence the vector diagram can 
therefore be drawn as in Fig. No. 6.7(b). 




Speed voltages are generated in those inductors which 


are under the influence of the Quadrature roles and which 
inductors are considered as being pai red coaxially about the 
y-axis . These are the same paired inductors which are shown 
in fig. 6.2, as having induced in them the transformer voltage 
bpjvy from the main field TJjis voltage, ^SQy found - 

to have a direction opposite to that of the transformer 


voltage b 


mu. * 


The tine phase of the speed voltage SgQ y with reference 



to th© quadrature field, whether in phase with it or 
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ha s t>o he u© termined. This can be 


found from the fact that the direction of the speed volt as 
is opposite to that of the transformer 
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The dii ection of ^TPy» ^ig* 0.4, at instant 1 , is 


th 


e same as the quadrature field, Fig. 6.6, fierce the speed 

^^dtage iicjQy. is dr awn in phase opposition to the quadrature 
field 0 q } which causes it. 


oince the transformer voltage ^Ukr and. th© speed 
voltage ^3Qy appear as oppositely directed voltage compo¬ 
nents in the same group of rotor inductors, Fig. 6.8, their 
vector difference is the n the unbalanced leakage impedance 
voltage drop which causes the load current I. 


■y 


in those 


inductors, coaxial.ly grouped about the y-axis. 


lhe transformer voltage being induced by the 

assured constant main field fi M , is independent of speed, 
and hence, it is the largest voltage component in the rotor 


The speed voltage -^sq-y ds the smallest since it is dependent 
upon the magnitude of the quadrature field which is less 


than that of the main field by the approximate value of the 
rotor speed compared with tha t of the synchronous speed, 


and also it is dependent upon the speed of cutting the 
quadrature field which is likewise less than the synchronous 
speed. In other woras, the speed voltage dgQy is about 
proportional to the square of the rotor speed* 



is the curve of the speed voltage appears as {7} 
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drawn in time phase opposition to the field 0 Q (5) and to a 
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magnitude less than that o: 
rotor speed 

- ,1 and less than that of l TMv (by the souare 

syn. speed “ 

of the above ratio of speeds). , 


Pi, 


^TCx (by approximat e ratio of 


So we can represent these quantities in a vector dia¬ 
gram as shown in fig. No. 6 . 3 (a). 


7 • TheJL oad curren t I v of the rotor 


The load current 3 
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tors as shown in Fig;. 6 .8 


in those equivalent rotor indue 
is caused by the transformer 


voltage ^ Tl4 y and the magnitude of the current is so contro¬ 
lled by the countervoltage. SgQy as to accommodate itself 
to variations in the load. As the load on the motor increases 


and with it the speed voltage d S Q y decreases. Thus with 

decreasing speed the vector voltage difference between the 

constant voltage •drj.jyy. and the variable speed voltage A 

increases and in proportion to it, the load current I v 
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This load current I y is shown in suitable 
magnitude and phase in fig. 6.6, as curve (8). It lags 
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by a small angle for heavy load and by a large angLe 


for light load. 

Now we can draw the phaser diagram for the stator 
as shown in Fig. 6 . 9 , where I m is the total primary current 
and is the current in the magnetising impedance z m „ 
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Mow applying Kirchoff f s law to the stator 
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$. Rotor voltages due to leakage fluxes: 

Now we have to consider the two rotor leakage fluxes 
h,¥i and Th © rotor current I y will provide a leakage 

fiux Pl M while the rotor current I x will provide a leakage 

flu * 4 q* 

The rotor conductors in the y-axis will cut 0 ^ while 
the conductors in the x-axis will cut the flux 0 ^, Therefore 
two additional speed. voltages are generated. At synchronous 
speed these speed voltages would be numerically equal to leakage 
reactance drops. £ or any speed less than synchronous the 
voltages will be less by the ratio S. 

The voltage effective in the y-axis is that due to the 
cutting of the flux 0^. 

d SLQy = s I x x r ( 3 ) 

The voltage effective in the x-axis is tba t due to the cutting’ 
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These resultant induced voltages in each axis U and 12) 
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must be equal to the impedance drops of that particular 


circuit. 
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The speed voltages depend *pn the maximum values of 
the respective fluxes and the actual speed of the rotor, 
while the transformer voltages depend only on the maximum 
value of the proper flux. Summarising we'may'state that 
voltages and are produced by flux 0 m and 



are pro due e d by 

■i. & 


F urthe r 


■i-# f^ ! ‘ *v* 3, 


flux 0r, 


rh c* T, 

* 1 fl 


is in time phase with 


' Vi 


ay*pa o 

<■£» '•"i Cwf 


^TM 


is in phase 


quadrature lag to 0-, vr . 

•9 
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where S - ratio of actual rotor speed to the 
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Substituting the values for 


Srprw,, b SMx and d SLMx 




equations 12 , 10 and 4 in the equation 8 we get. 
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Substituting the values for SgQ™ and 4 S tq from 
equations 11 , & 3 in equation 9 , we get, 
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10 . Currents: 

To refer these quantities to stator we have to put 
— l*y in place of Iy 
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s No s. 

2, 16 and 

1 7 form simultaneous 



equations which can be 


solved for I m> I x & I y 


However an approximation will now be made in order to 
simplify calculations. The core losses will be neglected 
initially so that z m - ,j Xm . The core loss can be accounted 
for by any one of the methods suggested in the next section. 
If this value is substituted the 3 equations shown in 2, 16 
and 17 become 
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and the vector diagrams for stator, rotor quadrature axis 
and the rotor main axis change to those shown in figure 10, 

If the above 3 equations are solved for I m , I x and Iy, we get, 
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{23} 

(24) 
(25} 


where x Q = x m -y x r (26) 

1 1 . Treat m ent of core loss : 

(a) The core loss can be treated as a loss in a resis¬ 
tance connected in series with the magnetising impedance x_ 
in each axis. The correct calculation of this resistance 
results in a copper loss equivalent to half of the core loss, 
the basic idea being that approximately half of the core loss 
occurs in each axis. 

(b) Another method which does not interfere with the 
equations for I m , ly and I x already arrived at, but which 
is only approximate, is based on the idea of subtracting 
half of the core loss from the rotor output and adding the 
other half to the stator input. 

(c) A third method is the simple addition of the entire 

*■*» 

core loss to the stator input, adding an appropriate in-place 
component of current. 



12 . Tor cue: 


The torque of the single phase induction motor can 
obtained by subtracting the rotor losses from the r*otor 
input and dividing the resulting output by S. This .gives 
the torque in synchronous watts. 


The more direct method takes into account the fact 
that torque results from the effect of the current in the 
y-axis upon the flux 0 r, and from the effect of the current 

Vjj, 

in the x-axis upon the flux 
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in synchronous watts (29) 


The x-axis current and the M-axis flux react to produce 

• V 

a retarding torques, which is a measure of tlie core losses 
(which would include the iron los ses of that axis had they 
been considered in the equations). 


With the leakage flux considered the M-axis flux is propor^ 
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Combining and usiqg only the real terms (The current I 
with which j% is associated contains no j term since it 
is in the axis of reference for this calculation. Since 
the projection of jZ^.v on i x is all that is significant in 
producing torque, the j terras are omitted), the final 
expression is 
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to produce the retarding torque in synchronous watts 
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The net torque developed is then their difference. 
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I. Introduction: 


In 193O, Gabriel Kron presented a generalised theory ox 
electric machinery based upon energy content and energy utili 
sation. In his rarer ha considers an electric machine as a 

HU »lt 

device which receives energy and through a process of ene: 


storage and energy transmission finally delivers a part of 
the total input energy into a load. A similar development is 
presented by Tarboux in his paper on ”generalised circle 
diagram for a 4 terminal network*’ however from the circuit 
point of view. 


In general a four-terminal network is defined as any 
electric circuit composed of resistances, inductances and capa¬ 
citances so connected that there is only one point of energy 
input and only one point for energy output. For normal ana¬ 
lytical treatment it is customary to assume that this network 
is linear and bilateral. 


From energy point of view the single phase motor as well 
as the 3 phase induction motor, corresponds to a four-terminal 
net work- the input being electric and the output delivered 
in mechanical form. The basic problem is therefore, to 
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and magnetic features of the motor. 
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he figure No. 7.1 
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aixsea circuit 


which is defined by the use of the so-called generalized 

co ns tan ts A, e 0 and D xn the form of two generalized eaua tions 
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The four terminal net work may be a simple series 
net work, a simple shunt impedance, a T circuit as used 
for transformers and 3 phase induct! on motor s (per phase) 
or any other combination of resistances, inductances and 
c a pa cibanc es. 
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.generalized circl e diagrara equ at ions . 
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This equation for If 


is the generalized circle 


diagram equation. 


3 . By revolving field Theory : 

It has been shown in the "Revolving field theory" 
Chapter that the single phase motor with one -winding can 
be represented by the equivalent circuit shown in fig. 7.2 
As it stands this equivalent circuit is a six-terminal 
network. Hence this has to be reduced to a four terminal 
network in order to apply the generalized circuit equations 
in terms of generalized circuit constants A,B,C and D, 
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Hence the equivalent circuit can be redrawn as in Fig. 7 .3 
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Hence the equivalent circuit is as shown in Fig. 7.5 

This circuit is seen to be a four-terminal network 
of which the input terminals are at a and b and out-out 


terminals are at c and d 
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These equations can be solved for I and 
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ter as 
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of the transformer voltage 
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X JL V 


Since all the rotor 
.s been interpreted oil the basis of the primary or 


stator, it follows that 
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primary back emf 


The applied voltage V differs from the priimiy back emf 


by the amout of the primary impedance drop. 

Hence the first element of the equivalent circuit must 
be an impedance z s through which flows a current I m . The 
main exciting current 10 must flow through the exciting 
impedance z m » And the current Iy which is the primary 
equivalent of rotor current must flow through the rest 

of the circuit which has been denoted as a single impedance : 
The voltage across z m is equal to the primary back emf. 

B-| = ^Tl'iy- Bence the complete equivalent circuit can 

therefore be specified by a detailed statement of z e which 


must be equ al to z, 
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xt may o© asked at this stage, whether the current I will 

X 

not come in the equivalent circuit. The answer is that it 
will not come, as the equivalent circuit is drawn as viewed 
.from the primary am only tne main flux 0M. (which is affected. 


by only 


^-yr 


and not by I x ) involves the maximum possible 


magnetic coupling with the primary winding axis. The quadra¬ 
ture flux 0q (which is produced by I ) has Zero-coupling, 
ir'/ith the stator winding since its axis is in quadrature with 
the stator winding axis. 


^x z m *~V JS^Tli/!y \~ dlyX. 






p ]S! x Z 


m 


n x 

O I 


x r 


T *7 
■Mil y 


Solving for I y 


(z r .^- z_) 


x 


m 


O '' 


TMy i- SI y x r 


I 


x 


1 


'r 'V z m 


) 


• r* Ti r% ~ \ 

,] on rpj. T y -f- 5 1 x r ) 


'Tfiy *4* ^ U 2 


m 


x r } 


T-y- 


• * 


Wwn* 

JL 


y 


d'* 


b 


z . 


(j z 


m 


r Jt o a* 


X r ) 


j S*>PM 

z r d z m 


o 

b 


(j z - x r )s x r J 




. 

. . y 


L 


i 


2 

x 3 
r 


z 


z~ (z -+-Z ) 

r r * hi 


x. 




f*| 

JJJ 1r 


Z. 


• O CL ::% 


HP ['.. nr * J z pT x r 


z r < z r 4 Z m ^ 






(22 ) 


« 



Zp ( Zj, --j— Zjjj ) — ( 1 — S ) X^, l j ) 

Iz r .^.z m }-|- jil-s ) 2 (jz m - X r ) 


(23) 


Z^ +-Z r Z m - (l-s) 2 (,j X r Z m )~f-X 2 (l-S ) 2 
iz r ^Z m ) -Z m (l -s ) 2 - jXjJl-s ) 2 

\1 2 >2 2 
)J+-z r+ {l-s) x r 

mm am mam mmmtt «w> **w mm mm mm jaw «m» 

-jx (l-sT 

2 2 2 
z m Jr -j" jXj,— (1 —28 - 4 - S i 3 x ^4 Hr*JXj,) (l —2s +■ S )Xp 

-mJLmMMM M» M. M. MM-MM— - — M* MM MM -» — — MM — — — M* «,«•*.—-M MM «•» 

z m (j -(l~ 3 s + s^)J -v(r r -t jx r -jx r (l- 2 s +s 2 ) 





« 


Vf 


m 


,T’- n “ a J 

J r + jx r (2~s)sj ^ (r rT , 2jr r ,x 


Xy( 2 -s)s 


z m ( 2 -s) s 4 - + jx T ,( 2 -s) 


i 2 Is ,) 


r 


s 


The same equation, for the equivalent impedance was 
obtained by using the double-revolving field theory (please 
refer to equation Mo. 17) thus proving the equivalence of 
the two theories; 

5. Circle diagram : 

It has been proved that a correct four terminal net 
work as shown in fig, 7 * 5 > can represent a single-phase motor 
as developed by either the cross-field theory or revolving 
field theory. 

The receiver terminals c and d of this circuit are 
loaded with an impedance, Z R . 

Yr(z r i-z m ) 

JnL mimm "i"* mm "**" ***** W1 * *** <wc * 9 *** **** 

s(2— s)(z m fjx r ) 

The generalized circuit equations of al 1 linear, 
bilateral four terminal net works have been given in equation 
(2) and ( 3 ). Applying these to the net work shown in fig.7.5 
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Comparing eauation 2 5 and 26 vdth 33 and 3 A we have 
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3is net work, as shown below 



It has been shown that in a four-terminal net work 
with the generalised constants A, .H, C and D, the locus of 


the incut currant vector can be represented as a circle ; 

, 1 . 

that this input current can be represented by the equation 
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{applying equation 7 to the net work under consideration] * 
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It can be shown that 


primary looking in 


dance with the load across C and d open circuited 
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so it can be shown that 
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.looking back 




imped ance as viewed from the receiver terminals (with the 
load removed) when the sending: end terminals are short- 


circuit ed 
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ting the values for A. 3&C and reducing; the equivalent 
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where R is the variable 



current with the load impedance R 
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current is shown as QA in fig, 'J .6. Further the most impor¬ 


tant thing in this equation, is that the fraction 
represents a family of vector currents so long as 


v 


/ ***h 

© 


(fi+rjf ,jx 

V Q and 


x remain constant where A ^ r or merely R take all 
possible values from minus infinity to plus infinity. This 
result is indicated in the diameter of the circle 

being shown by the line AB. The total input current I m 
is represented by the vector od . the point d being free 


to move a long the circumference of 


circle as the value 


of R or the load impedance is varied 


The point 13 for R -+- r =0 cannot be realized 
unless R is made -ve for R « 0, the operating point 
would fall some-where in the upper part of the circumference 
such as at A, The total current vector OA corresponding 
to a value R = 0 is the total current with the receiver 
terminals short circuited. 
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The advantages which may be expected of a vood not or 


the ory are: 


(i) Should present an accurate picture by means of whic 

** 

mat harts tical expressions for the current, torque etc., may be 
obtained. 


{ii) 


Should furnish the simplest possible picture concer 


ning the important phenomena consistent with the accuracy 
de si re d. 


/ » * ft \ 

{n i ) 


Should furnish means for readily considering the 


effects of minor phenomena 


( 


IV / 


Should present a picture readily susceptible to high¬ 


handed simplification for the determination of limiting condi 


tions such as no load, standstill, balanced operation etc. 

(v) The theory should preferably not change form or 

require^ a new mathematical analysis when slight normal modifi¬ 
cations of structure are made. 


(vi) Should preferably show the relation between the motor 

in hand and motors of other types. 

(l) In the matter of accuracy, the revolting field theory 



i g r 


f! 


and the cross field theory are equivalent because both 


give 


correct expressions for current, toraue etc 


The equivalence of the two theories, in this matter, 
has been conclusively proved in the chapter on equivalent 
circuit where the same circuit has been derived by the apri 
cation of both the theories. Further it has been shown by 
P.L. Alger and Kimball that the pulsating torque of the 
single-phase motor can be explained by the use of both the 


theories. There is only one respect in which the two theories 
give different results. This one exception occurs when the 
secondary winding of a single phase machine has sufficient 
skin effect to make its effective resistance and reactance 
at line frequency appreciably different from their values 
with direct current. Since the actual current in any one 
secondary conductor consists of components of two different 
frequencies the two components encounter different impedances 
and so the effective voltage accross the conductor is not 
equal to the product of the total current by any deiinite 
value of impedance. The cross field treats the entire 
current in one axis as being of line frequency and so does 
not take into account the variation of impedance with fre¬ 
quency. On this account, the rotating field theory gives 
more accurate results for machines of this type. 

In fact, it has been pointed out by L.V. Bewley that 
better numerical agreement between the two theories can be 
obtained by putting (comparing the two equivalent circuits 
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(Revolving field 


(dross field) 


and substituting the value of R thus obtained as the 


referred rotor resistance 


r r , in the equivalent circuit 


given in figure 7 • 5* (Actua 11 y the equivalent circuits 

t o theories were shown to the same on the assump¬ 


tion that r. 
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theory i 
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n a.c. commutator motor, the cross-fie Id 


moler but for induction motor, the revolving 


field theory is simpler 


(3 


mnen 


inor phenomena such as fundamental stator iron 


loss or the effect of stator harmonics are to be considered, 
the revolving field theory appears to have real advantages. 
Since with the stator fundamental iron loss considered the 


equivalent circuit 1(a) and 1 (b) can be replaced by lie 


or 1 (d) by inserting parallel resistances with each of the 
"Apparent impedanc es” . The effect of stator harmonics can 
be easily determined, by first calculating for each harmonic 
its magnetising reactance, secondary reactance and secondary 
resistance. Using these a single phase equivalent circuit 
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may be formed f 


each harmonic and connected in series 


;th the fandamental circuit as sh 
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in t. d 


The 


fundamental leakage reactance should be reduced by an amount 
eoual to the sum of the magnetising reactance). 
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icult to see haw the cross-field could so 


simply yield results with such minor phenomena 


( 4 ) 


Then hi/xh handed simplifications are made to study 


limiting conditions, such as standstill, synchronous 
running* etc., the revolving field theory really demonstrates 

its supe rio rity. 

(a) At standstill $ th© forward and backward i nip© da ness 
ar© equal and circuit can be reduced to the form shown in 


j> (a 


o 

c 


xi x 


is assumed very large, then it can be 


simplifie d t o fig. 3 


(b) At synchronous running s = o, and the for ward 
-field secondary impedance is infinite and so the circuit 
can be reduced to the form shown in fig* 4(a) and since 
slip is 4 the back-ward secondary iupedance is very low 


compared to 
simplified to 


V* 

At 


m 


and hence the circuit can be further 



(c) No load speed: When rotational iron and 


me cha nic al los 
to equate 
and solve 
impressed on 


ses are neglected, it is merely necessary 
forward and backward field apparent resistances 
Assume that at no load, the voltages 
forward and backward fields will be the 


s 




same as at synchronism 
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(d) In a similar way, such questions as, what would 

happen if the secondary resistance or reactance were zero 

x m 

and what would happen if --- were made very low, can he 

2 

answered very readily the revolving field theory• 


5) 


Modification sue h as multiple cage rotor can he 


easily taken into account in the equivalent circuit and the 
performance predicated by the use of the revolving field 
theory. The modified equivalent circuit is shown in ~ ig*. j>* 


revolving: is the more general ox the two theories. 
If the two components of the revolving field are equal, we 
have a single phase system^; if they are unequal we have an 
unbalarced polyphase system# If one component vanishes, we 
have a balanced polyphase system and if the a regular velocity 
of the rotating field is equal’to zero we have a d*c* system 
In other words all phenomena of rotating electrical machines 
can be explained as special cases of the general theory 

-Ido 

based on two oppositely rotating magnetic fields* 
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ANALYSIS BY SY*TRIGAL COMPOilBNTS 
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1 . Introduction: 
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The method of symmetrical components orieinalLi 

-•i. s.,a,v Af 


f w as 


developed by C.L. Fortascue in 1913, in connection with the 

analysis of symmetrically wound polyphase induction machines 

operating under unbalanced conditions. Since its original 

developingnfc, the nethod has proved to be of inestiaatable 

* >*< 

value in the analysis of problems involving a.c. rotating 
machines under both steady and transient conditions and in 
connection with transmission lines and transformer banks 
under fault c omit ions. 


In this 

winding will b 
with one line 


chapter, a single phase motor with only one 
e considered as an unbalanced 3 phase motor 


2 ut off. This is shewn to result in an equi 


valent circuit exact 


ly similar to the one obtained by the 


use of double revolving field theory. An approximation to 
the equivalent circuit suggested by Wagner and Ivans is 
also given. 


Then an unbalanced two phase winding machine (which is 


the case of an actual single phase motor with a starting 
winding) will be analysed by the use of symmetrical compo¬ 
nents. It is only here that this method offers a powerful 
weapon in analyzing a single phase motor. 


Simpler expressions 


for torque and currents including 



result from this analysis. 


start! ne val ue s) 
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i lie or is 13 


work of Lyon and Kingsley will be followed for this 

form of analysis. 


ingle ohase motor considered as a 3 phase motor with 
one li lie o oe ned. 


A single phase induction motor which has a symmetrical 
polyphase rotor winding (such as the squirrel cage rotor) can 
be treated, as a Y connected 3 phase motor, operating with one 
line terminal open, by using one-half the single phase resis¬ 
tance and. reactance as the resistance and reactance of the 
3 ohase motor (per phase value). Hence the reactance phase 
used here are all half the actual value of the single phase 
motor. 


?ig. 9*1 shows the conditions of operation with one 


line opened. The sequence currents and voltages can he 
derived as below: 
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Thus the currents in the two circuits are same but are opposite 


sense 





The basic equations for sequence currents and voltages 
are (a), (b), and (e). These can be used in setting up an 
equivalent circuit, shown in figure 2, 


It can be seen that this circuit is the same as that 
derived already by the use of the double revolving field theory 
Hence the equation for torque, power output etc. given under 
the chapter on double revolving field theory (section ) 
can be used. 

Approximation suggested by wagner and a vans. 

In the stator the positive sequence & negative currents 
are equal in magnitude. The rotor currents referred to the 
stator are equal to the stator current minus the exciting 


current s. 



Since for normal operation,' the slip s for the positive 


seaue nc e 


currents is small, the positive seouence excrtii 


currents are large. Under similar conditions, the slip for 


the negative sequence currents is large 
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The negative sequence exciting currents are therefore snail 


ready the equivalent circuit shown in fig. 9.2, 


neglects the increase in rotor resistance when at a frequency 
of f (2-s) ft 2f under operating conditions). 

Hence the magnetising reactance of negative sequence 
is neglected. The magnetising reactance is approximated to 
be near the machine terminals. Hence the circuit reduces 
to that shown in fig. 3* 
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Analysis.('by symmetrical co m onsnts) o: 


unsymmet ri cal 
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ha s e ma c hi ns : 


ihe method of symmetrical components is a revolving 
field theory and has many features in common with the revel 




/ing field theory. The principal difference is that in a 


split-phase motor, there are two windings (in space Quadrature) 

l " M 1i 


and so by the revolving field theory it has.to be considered 
as two single-phase motors in the same frame with their 
windings in quadrature each component motor producing a for¬ 
ward and a backward revolving field. Thus four revolving 
fields have to be considered. When analysed by the method of 
symmetrical components, the currents in the two stator phases 
are resolved into two symmetrical set of components whose 
rnr.ifs produce respectively a resultant forward and a resultant 


backward revolving field, and only these two fields need be 


cons 


»re-a. 


Assumptions: Only fundamental fluxes will be taken into 

account. The air gap is assumed to be uniform. The rotor 
s a symmetrical polyphpse circuit of either the cage or 

the wound type. 


Stator 

. —ifc ■ f ii ■ ii i hi ^i i i iiiii m m i ii - rii ii f i l i “ i ‘ “*i ‘ *" ■ if 


The schematic diagram of the stator windings m and s, 


separated in space by d-- electrical radians i 


s show: 


m in the 


figure 9.*A. 

Let the instantaneous currents in the two windings be 
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effective fundamental turns of 2 windings, 
distance in electrical radians, as shown in 
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rst and third terms of equation (5) are rotating 


fields in the positive direction of x while -the second 
and 4th terms are negatively rotatirg fields. 
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then the two ranis (NIj are equal, i ,e . in our case 
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the time angle between the currents and the space angle between 
the winding's is 1 o0° the negatively rotating fields cancel 


and only positively rotating fields result 


Similarly when /l s / = k/l r J and ^ 




130°, the 


positively rotating fields cancel and only negatively rotating 
fields result. That is (aj only positively rotating fields 


result if 
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and (b) only negatively rotating fields result if 
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In general, I m and 
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and negatively rotating fields. However, these currents can 
be resolved into components I m 1 and I m 2 such that, 
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equations, the components I ra -j and 
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ting fields. Hence the currents I rn j and I ril2 are calls 
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Solving these two equation simultaneously, we get 
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In the instantaneous form, the currents i m 
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are resolved into instantaneo u 
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The resultant positively rotating mnf , H-j set up 
by the positive seque nc e stator currents i m -| and i 
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Let us now consider a syanietrical 2-phase stator 
winding of N m effective turns per phase,, the 2 winding 
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being in space quadrature. The stator positive sequence 
currents in such machine are (assuming there is unsymae try 
in the currents) 
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Substituting these values in the' equation for stator 
we get the mmf. set up by the stator currents in a 


2 -phase motor as 


“J * 




C .J 



'It 


rV on 


cos (x - wt) 


(IS) 





The equation given above for H* wav be compared 


with anuation ( 16 ) 
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can be readily seen that the 
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symmetrical motor (here the single-phase motor with their 
dissimilar windings in space quadrature but with their 




urrents not necessarily in time quadrature) will set up 


exactly the same stator msf. (rotating in a positive direc 


tion) as an equivalent symmetrical 2-phase motor ha vine K 
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effective turns , if the positive sequence component of the 
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stator current of the single phase motor is equal to the 


positi ve sequence current of the 2-phase motir, (i.e.j 
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In an exactly similar manner it can be shown that the 
unsymmetric al motor (single phase motor here) will set up 
exactly the same negative sequence stator mmf, as an 
equival ent sy nine trie al 2-phase motor having eiiective 
turns per stator phase if the negative sequence component 


of the stator current of the single phase motor is equal 
to the negative sequence current o t the 2—phase motor 

(i.e.), /W = /W i20) 

Rot or c urren t s: 


So far as the internal reactions within the rotor 
are concerned, it makes no difference how the positive 


That is 


sequence and negative sequence mmfs are set up. 
as viewed from the rotor it is inpossible to tell whetl: 
the stator mmfs are due to the components currents in 
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(single phase) are related to the symmetrical components 
of the 2 phase currents (2 phasei. 


ing seen this relation, it is but a few steps to 
analyse the machine completely by the use of the well- 
known ecuivaLent circuits for a symmetrical 2 phase motor 
(of course, with unsyrmetrical currents resolved into 
symmetrical components). The equivalent circuits for both 
the sequences are given in figure ho. 9*5 • 


The rotor leakage and magnetising impedances shown 

i 

here in these circuit are the actual referred values (to the 
stator winding of N m ) whereas in the double-revolving 
field theory it is just half the actual referred values. 
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The induced emfs and given in the'equi 


valent circuits are 
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G o mpo nent s of v o It ag e s 
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The voltage Induced in the train winding is 
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In the winding s (starting winding) of the un.symro.e- 
trical motor, the voltage induced by the positive sequence 
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51©Id will be 1/k tines the voltage induced in the main 
winding and will lead this voltage by the angLe X. , which 
is equal to 90 ° in the single-phase motor under considera¬ 
tion. Similarly, the voltage induced in the s winding 
by the -ve sequence field will be 1/k times the voltage 
induced in the main windirg and will lag this voltage by 
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Solving these two equations los. 26 & 27 for 
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>ve can 


see that the resolution of voltages into 


symmetrical components is different from the resolution of 
currents - this is because of the dissymmetry of the stator 




wx naines. 


COMPONENTS OF STATOR IhPfDANCdS: 




Let z 
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the stator leakage imnedance of the min winding 
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the stator leakage impedance of the starting 
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The voltage drops in the 2 windings due to these 
impedances will be : 


m 


i *y xt 

~m ms * s 


T 


s z ss 


(29) 


Resolving these voltages into symmetrical components 
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The positive sequence stator leakage reactance drop 
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Similarly proceeding, we can derive for v ffi 2 
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Squ ations for the singl e-nl iase mot or: 
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Equating the positive sequence component of the applied 
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potential to the sum of the positive sequence components 
of the induced voltages and positive sequence components 




of the voltage drops due to external impedances and stator 
leakage impedances. 
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Similarly equating for the negative sequence components, 
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Solving these two equations Nos. 37 and 33 for 
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The torque in sync bro no us w at ts, is then 
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RlFlBliCSS: 311, B12, J26 to J23. 





SPECIAL PROBLEMS OF SOULS PHASE MOTORS 






The uniqueness of the si ingle -phase motor is evident 
in the absence of starting torque, in the double frequency pul 
sation of its running torque and its high stsrtipg current. 
Start!ne* torque has been considered in detail in the second 


chanter; in this chanter the other two aspects will be eonsi' 


derec. 


At first the torque in motion is evolved from fundamentals 
followed by derivations for no load slip and slip for maximum 
torque. The pulsation of torque is then discussed in detail. 

The analysis by Hr. Alger and Mr. Kimball to explain this is 
taken up - only the revolving field theory is used to find 
expressions for the pulsating components of the torque; the 
analysis by the cross field theory is omitted here. Mr. Button’s 
concept of Rotor Aux Locus helps in the visualisation of 
the presence of the pulsating torque; this is explained in 
short. Lastly Edward Bretch’s explanation of the double 
frequency torque pulsation is given. 

High starting current of the single phase motor results 
in the familiar flickering of lights connected to the same 
circuit due to the voltage dip caused by the high starting 


current 


new design by Mr. Williams to reduce voltage dip 


is also discussed in this chapter 
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Average to roue: 
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Derivation of expression for torou e while _ r unnlng 


It has been proved in the chapter on ”Starting torque 
that there is zero torque when the rotor is at rest. It is 
found that if the rotor is set in motion, it will continue 
to run; this means that there is resultant torque when the 
rotor is in motion. 
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Let the oeripheral velocity o 


f the rotor be v 


th en 


now x is a function of time, i.e. 
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) of the chanter 2, can be written as: 
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The emf, indue ed in a coil is 
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It can be seen that the flux and emf. may now be 
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considered as consisting of two components, one ^frequency 
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operating in the one coil 
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It can again be seen that the current nay be regarded 
as consisting of two components. Tangential pull is: 
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B can be shown to be (by putting x = vt. in equation Mo 


under the second chanter). 
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Substituting this value ib r 3 and the expression ior i 
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are H coils on the rotor the value of P 


av 


times the above expression. It is apparent that two 
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torques act on the rotor of a single phase induction motor 
(l) which may be termed fomrd componant corresponding to 
and (2) the backward component corresponding to CD ^ . Under 
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(b) No load slip 
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The first of these two terms is proportional to the rate 
of change of the forward component of the torque and the 
second to the backward component. 

In the vicinity of the maximum of the forward compo¬ 
nent , the second rate of change is snail compared with the 
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Multiplying the above equation by £_r (w - 
and denoting the resulting second term by - k, we have 
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II. Torque Pulsation : 

(a) On rower flow in .general 
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The power input to a single phase circuit is necessarily 


of a pulsating character, as each tin© the incoming current 


or the voltage passes through zero, the power does like 
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circuit and ^2 I sin (wt - G ) = current in that circuit 
where (P is the angle of lag of current. 


Then at any instant the power flowing in the line is 
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is, of course, proportional to 
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power factor. The maximum power flow is the sum of the 
active (or average) power, and the alternating power. 


In a ‘balanced polyphase circuit, each separate phase 
draws both active anl alternating power as above described. 
But at each instant, the sum of the alternating powers of 
the phases is zero, so that the only net power flowing in 
the circuit is the active power, distributed equally among 
the phases. There is no ret alternating power flowing in 
the lines, although each particular line carries an .alter¬ 


nating power equal to its full volt amps. 

If a current is represented as a ,jb and voltage 
as c 3d, referred to the same reference axis then the 
product, (ac - bd) g-jlbc f ad) is equal not to the (active 
power) _l. 3 (react! ve power) as mig^t be supposed but to the 
single phase double freouen cy alterna ti ng powe r. lo obtain 
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the true or active rower by multiplication, it is necessary to 


o J 


first reverse the sign of the 3 term of either 
current, when the product becomes, (ac+-bd) 4 -j( be - ad). 

The real term represents the active power VI c os GL- and the 
j term the so-called reactive power ^ I sin (t . ihe reason 
for this is: when the sign of one 3 term is reversed, the 
resulting vector product is at an angle equal to the difference 



of the angles of the voltage and current and when the sign 
is not reversed, the angle of the vector product is equal to 
the sum of the voltage and current angles. As the angles in 
this vector representation are angular velocities times 
time (vsr t) , the former is a zero frequency power (constant 
power) and the latter is a double frequency alternating power. 
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This energy is stored as tinitic energy m 


during the peaks and supplemented by released energy during 
the depressions, 
the revolving parts, so that the torque exerted by the single 
phase motor is of a pulsating character corresponding to the 
electrical energy irrout and the rotor speed continually 
fluctuates electrical energy input and the rotor speed conti¬ 
nually up and down in response to the torque variations as 
indicated in the figure no. 2 


Further more, even at no load, and supposing the fric¬ 
tion torque negligible, the motor torque pulsates at double 
frequency for the reason that the potential energy of the 
magnetic field in the cross axis is supplied entirely by the 
torque since there is no direct mutual induction between the 
main and cross axis. This magnetic energy is alternately 
stored and released twice in each cycle and so constitutes 
an imoortant cause of torque (and speed) variations entirely 




Independent of the variations due to the load. The ratio 
between the double frequency torque due to the load and that 
due to the cross field, is proportional to the ratios of 


watts output to the magnetising volt amps , For very small 
single phase motors the no load toraue variation is large and 

CJ 


the additional variations due to the load are not verv 
important, while for large machine the reverse is true. 


The exact amount tint the speed fluctuates must depend 
on the M.I. of the rotor and upon the restoring torque set 
up as a result of the departure of the speed from synchronism. 
If the speed varies 1 per cent from synchronous the flux will 
cut the rotor bars at a frequency of 1 pe r cent the line 
frequency; the slip frequency currents will flow in the rotor 
bars which will produce a torque (equal to the load torque 
which would normally produce 1 per cent sLip) in such a direc¬ 
tion as to restore the speed to synchronous. For the produc¬ 
tion of this double frequency resisting torque of such a load, 
a third harmonic must be drawn from the line and so the 
general conclusion is that all single phase motors must draw 
a certain amount of third harmonic current from the line, 
regardless of the existence of magnetic saturation, l he amount 
of this third harmonic current should be greater, the less 
the normal slip of the motir, and the less the inertxa of 
the rotor. It is believed that the third harmonic current 
of this character drawn by commercial singLe phase motors is 
of very small amplitude. 
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(c) Analysis by the Revolving field theory: 


The forward component of flux cuts rotor conductors 
slip frequency and induces in them useful currents similar 
to those in a polyphase induction .motor secondary. The back¬ 
ward component of flux cuts the rotor conductors at a frequency 
(2-s) times line frequency and so inducess in them large 
currents which practically neutralize the primary current and 
so reduce the ret backward flux to a very small value. 

As the two fields are produced by the same primary 
current, their circuits are connected in series and the equi¬ 
valent circuit can be drawn as shown in Fig. 3. This has 
already indicated in the double revolving field theory. 


From the equivalent circuit if 
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forward and backward fields exist in a 
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torque produced by the forward revolving flux with 
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is of constant magnitude, independent of the time; so 


also the torque produced by the backward revolving flux 


with 


This is true since the two fluxes are of constant 


Thus the meaning 


magnitude in time but moving in space, 
of j in the torque equations to be derived hereunder is 

a rotation of 90 in space ? xnstead of in tinie • 

The principal torque is that due to the actxon 01 the 
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forward revolving flux and If. Ihe watts developed by this 
torque at synchronous speed are equal to: 
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Reducing the forward field, branch of the equivalent 


circuit we get the single impedance of the vaLue 
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To calculate the alternating power, we must take the sum oi 
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■Oducts of the backward field voltage by If and the 


„ , T s-irv'o -it -> s ’"»ovi only a Question 

forward field voltage oy !];>• ^inc- it -s> ~o * 

of alternating power, the phase relations of if and I b 

with fluxes they act upon are of no importance. The voltage 
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The reason for the pulsating and average motor torque 
neats can be clearly visualised by the concept outlined 


here'below 


\ 


Here the rotor is conceived of briefly as an inductive 

etiical” rotating tody which tends to 

direc ti on with 
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iota in total flux constant in magnitude a 

ibis inductive effect prevents total 
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at the instant the primary field is 


flux from disappearing 
zero; and its resistance to change in direction of total 

flux tiro ugh it produces torque. 

-This theory considers the total flux travvrsi-^ 
air gap and gives a complete picture of the variation in 

, „ t Hon of the total or resultant flux. ! 

magnitude and direction o 
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contemplated stator resistance and leakage reactance are 
considered negligible. 
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called the primary flux. 
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nee at synchro nous speed, the axis 01 the primary 
flux will be rotating with an angular velocity of 2 1 . ± in 
a counter clockwise direction, with reference to the axis of 




reier6 
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-j jf the rotor were at standstill, the ilux locus would 

be a straight line, the instantaneous magnitude of the flux 
pulsating: sinusoidally positive and negative with respect to 


time. 


it synchronous speed, this primary 

i. 


YflYTl 


f. or primary 


flux vector would be a circle as shown in fig. 3- This may 
also be considered as representing the locus of flux through 
the rotor if the® were no rotor conductors i.e. representing 
tte pri kb ry flux as stated above. The max, primary x ux is 


shown as 


The locus would be traversed in 
a counterclockwise direction by the vector twice per cycle, 
although its angular velocity is only- 2n f- 


•P 


feet produced by rotor conductors. 
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3 rotor i s a 


n inductive body, circularly symn,^ 




The effect of rotor inductance (.not the leakage reactance 
villi be to resist4 any change in magnitude or direction of 

., due to change in magnitude 


the total flux through it 


and direction of the primary flux currents will flow in the 
rotor conductors producing a secondary flue at right angLes 
to the primary flux and this flux will have a msgnitude and 
direction tending to maintain the total resultant r*otor 


ilux constant at Oi* (bee fig, 6), when the primary flux 
is zero the secondary flux will be a max, and perpendicular 
upward, Ihis simply means that the c ross fie] d is max* 
when the main field is zero. 


be 


However, the inductive effect of the rotor will not 
fa in maintaining constant flux through the rotor at 


synchronous speed, due to the effect of rotor resistance 
and leakage reactance. The actual total rotor flux at 
synchronous speed in a practical motor is shown in-fie. 7. 


Normal motoring condition: 


lb is now but a step to the conception of the locus 


of total flux at any particular amount of slip. This 


xs 
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shown in fig. 
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where the flux vector progresses around 


the rotor in a clockwise sense (taking 2 steps forward and 
one step backward, so to say). 


Torque is produced by charge in direction of flux 
through the rotor. The instantaneous torque will be a func¬ 
tion of flux magnitude and argular velocity (torque would 
not be directly proportional to argular velocity course). 
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In synch-motors and generators it is usual to provide 

.4,. 

araortisseur windings. They are used (a) to prevent sudden 
shifting of flux across the pole faces as for example to 

prevent "hunting” and (b) to dampen out field-flux pulsations 
as for ex. 


to staolize the field of a synchronous gene¬ 
rator against pulsating singl e-phase armature reactions. 

In a single phase squirrel cage motor, at synchronism 
the pin mar y field excitation sets up a flux in the rotor as 
well as in.the stator. The squirrel cage which is moving 
in synchronism with the field excitation forms a most 


effective amort is seur winding by which induced currents 



sustain die rotor flux substantially constant during the * 

M -*-r ^ugh zero and the rotor 

moves from pole to pole* Thus these amortisseur currents 
sus Gain one rotor flux and the mechanical rotation of th° 


rotor carries this sustained flux of the single phase motor 
Under running conditions, the rotor runs sliehtlv 


oelow synchronism 


^ach ti 


a rotor pole approaches a 


stator pole the primary magnetising force pulls the rotor 
field into synchronism and due to the same action as a poly¬ 
phase motor tends to pull the rotor along with it , producing 
the torque® Ihus the torque is a series of impulses one for 
each piimary current impulse or of double frequency® 

111 • phase motors to m inimize voltage fins 
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vj-ommon types of single phase fractional horse power 
motors have starting- currents five to ten times their opera¬ 
ting currents* The voltage dips and light flicker caused by 
frequency starting oi these motors are often objectionable# 

11 ha s a. Ir e a dy b ee n me nti o ne d u nd e r t h e !f St art i ng tor qu e t? 
chapter that Nema has set up standards which limit the 
starting current lor f racti oral horse power motors# flow a new 
method proposed by hr# J.n* Williams to reduce the starting 
currents (hence the voltage dips) will be discussed# 


rn 


disadvantages of this new method are also mentioned at the end 

^ * i£Ta£-io.n_.b etvjeen starting current and starting torque: 
Torque efficiency. 
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l-B easily adjusted by using parallel starting caoa ci-o 

fence the power component of motor starting current 
pr i mar y i kid or t a nc e . 
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The power input necessary to nroduc a 


© a given s r ar nm p. 


torque varies considerably with different types of 


inauc tion 


bo to rs 


-Ui ideal iaoto r is o re with a maximum ratio of to roue 


to input power. A Balanced polyphase motor in which all 
losses are in the rotor is an ideal motor. 

In ciie co mparison of starting performance of various 
motors, a concept of torque efficiency is helpful. Torque 
efficiency may be defined as: 


Per cent torque efficiency 


Torque (in synch-watts) . 100 
Total input power (in watts.) 


Starting torque efficiencies in excess of 5Q& occur 
in many polyphase motor designs, but much poorer starting 
torque efficiencies are found in fractional horse power 
single phase motors (about 1 0jo for resistance split phase 
motors unto for sob© of the capacitor start motors;. 


The decrease in torque efficiaacy of single phase motor 
as compared with polyphase motors is due to the two factors: 


(a) Unbalance of copper between start and main windings 


the large losses in the snail starting coils 
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imperfect 


phase-splitting. Deviations from perfect phase splitting 
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cause backward components of mmf and 
which is to subtract from the torque 


tor cue 


T“ iT\ 




a ad rl 




ns ■ t m r* T~ /> t 

Vrf — - ^ L. U ;,Jl. 


f* V 13 "V»..*"V5r,? A V» 



2. DeAi^l_cMiE^s _ln.irnrrov ipa the starting 

(| iniji rnTnlrn m m i ~ ~ J T^: 

of Capacitor-start motor: 


per ip rma n c e 


Starting txrque efficiency is increased by (a) 
phase splitting (b) increased rotor resistance or (c) 
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stator resistance. More space is required for low resistance 
stator coils. Increased rotor resistance gives increased 
losses while operating under load. Sligh-tly improved phase 
splitting and higher starting torque efficiency occur with 
a larger capacitor - however this results in increased to roue 
instead of the desired reduction of power in”ut at the start. 


The usual starting circuit is not suitable for the 
development of motors with reduced power input at the start. 
The main wilding is designed by the operatiEg requirements of 
the motor. The two possible adjustments are capacitor size 
and auxiliary winding turns, with standard starting circuit, 
the best torque efficiency is reached at a much higher torque 
than is required for a general purpose motor. 

However, when the capacitor is connected m series with 
the main winding, adjustment of starting current m each o± 


the two motor circuits is possible, lhe phasor diagram is 


shown in fig. (bo 


), 'The current in the main winding is 


determined by the sze of the capacitor, ihe starting current 
in the auxiliary winding can oe varied by changing tne turns 
in that winding. Hear perfect phase splitting and good 



torque efficiency at start can 


obtained, for a wi'* 


range of torques by suitable adjustments of capacitor sis© 


and auxiliary 'winding turns 
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(b) The main winding current is conducted through a motor 
switch contact all the time the motor is in operation- the 
probability of switch failure is greater than in the present 
capacitor start motor. 

(c) The motor is completely disconnected from the line for 
a very short time during the operation of the motor switch. 

It is necessary that the starting switch operate to open the 
capacitor circuit before connecting the main winding directly 
across the line; otherwise the capacitor discharge cur re nt 
would weld the switch contacts. The transient current 
immediately following reconnection of the main winding to the 
power supply may be nearly as trouble-some as larger starting 
c ur re nt s. 


(d) The starting circuit is not practical for capacitor run 
motors. 
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'ihe basis is to define motor output in terms of break 
down torque and to indicate by means of a service factor t 
maximum continuous output safely permissible within the 
limits of a reasonable temperature rise. 


(1 ) Breakdown toraue: 


For the purpose of defining horsepower rating, the val 
of breakdown torque must fall within a specified range. The 
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typical values for 

50 cycles 

1. 

pole motors 
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an approximate full 
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Table 1 




H.P. 

Torque in 
Full load 

0 z— ft . 

Break-down 

Break down torcue 
as $ of F.L.T. 

1 /8 

7.37 

13.3 

- 19.8 

188 

mm 

269 

1/6 

9.82 

19 .3 

- 25.8 

202 

- 

26 l 

1/4 

14.73 

25-8 

-37.8 

175 

mm 

257 

1/3 

19.64 

3 7.8 

- 48.5 

193 

- 

217 

1/2 

29.47 

48.5 

-69.5 

165 

- 

236 

3/4 

44.21 

69*5 

- 99.0 

157 


224 
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iigure obtained on tes 
determine the appropriate h.p. rating. 

( 2 ) Temperature Rise and Service Factor. 


All open-type general purpose motors have a maximum 
temperature rise of 10 ° C under normal service condjJ 
(These are defined as ambient air temp 
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u i ons 
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104°F) and height above sea level not exceeding 3300 ft.; 

These small motors are designed to develop, in addition, 

0 

a higher output with, a temperature rise of 50 G at which 
maximum efficieicy is normally obtainable. The actual increas 
output is given by means of a service factor stamped on the 
motor name plate. This is a number by which the normal 
rating should be multiplied to determine the maximum safe 
motor load. A table of such factors is given below: 

Table 2 


H.P. 1/3 

l /6 

1/4 1/3 1/2 

3/4 

Service Factor 1.4 

1 -35 

1 .35 1*35 1 *25 

1.25 

These service 

factors 

are intended to be 

used 0 


under normal service conditions, as defined above, and 
when the motor is operating on the voltage and frequency 
for which it was designed. Thus an American standard l/3 
H.P. motor will develop 0.45 h-P* continuously when run:: 
in air temperatures upto 104°F. The temperature rise, 
however, will increase from 40 °C (or less) at normal out: 
to not more than 50 °C on continuous maximum rating. 



( 3 ) 3 tar ti ns curra nt 


Maximum values of starting currant, (the figures 
being taken with the rotor locked) are laid down. These 


**■».*> 


values are given below for 23 OY motors, irrespective of 
freaue ncy: - 


rn 


H.P. 1/6 or les 

Locked a raps. 10 

(4) 0 o de le t ters : 


d 

O 




1 /4 1/3 


/ 4 
11.5 


1 /2 


1 5.5 22.5 


3/4 

3 O .5 


These are marked on the motor name-plate to show 
input in KVA per H.P. with the rotor locked, which enables 
the branch-circuit protective devices to be correctly ad jus 
ted. Typical values showing the appropriate ratings for 
fuses and settings for circuit breakers (are given below. 

not 


The KVA given includes the lower figure upto, 
including the higher figure). 


W' ■' 


tode letter 


Table _4 


Locked 


Per cent of full-load current 



K.V.A. per H.P. 

Fuse rating B 

re ake r 

A 

0 - 3-15 

1 50 

150 

P H l 

Va> 

9 

vn 

1 

vn 

25O 

200 

F-R 

5 & higher 

300 

250 


O 


It is possible too to calculate the maximum starting 
current required from the relationship:- 



Locked RvA per h*D 


k.) L* CU 


YW «rj t"'" 
J-JiS: 


rr o a 


p. x rated h. 


Ti "■■ r 
• J & Vi. 


1 C 


tJU 


«T4& a*w& ««& i 




rated voita.ee 


T 


q P T I 1 T A W Q rp A i\Tj) A *P f i q 

-t *.— *» ~L —1. ^ X ,j. kJ ± cl a tiU irL-i 


ti 

»«-.* c 


alient features from BS.170(1939} (with amendments 


issued on at 1944 April, 1947 and August 1956} (electrical 
performance of fractional h.p. electric motors and generators 
with class A Insulation) are given below: 


•5 

J « 


r\ 


u p o n iCc 


V 


le 


An open end-bracket machine is one 


■«« JWW'll -naftT t.i 


having erd-brackets of which the bearings form an integral 


err 


part 


in which there is no restriction to ventilation 


other than that necessitated by good mechanical construction 


♦ 


The limits of rated voltage for fractional h.p. machines 


•fp 


or a.c. motors or generators. 


- 

aim 


ase: 100 to 2^0 volts 


/ 


r\ 


The standard frequency for a.c. machines shall be 


50 cycles .per second 


10 . 


Preferred horsepowers and speed 


of 


The preferred h.ps. reconsne nied i or all types 
motors (other than Universal motors/ for sizes of 1/8 
to 1 b.h.p. inclusive shall be: 


bh.P 



1/6, 1/4, 1/3, 1/2, 3A 1* 


the preferred speed shall be 



rpm 



To obtain the best characteristics for universa 


motors for general purposes, the full load spee 


d 


should preferably be not less than 600 rom 


11 


Continuous ratine:: 




»<kW 


This is a staterasnt of the ore ratios' limits assigned 


to the machine by the manufacturer, defining the load at 
which the machine may be operated for an unlimited peri 
under the conditions specified on the rating plate and i 


n 


clause 37 while complying with the requirements of thi 


o 

o 


* c* • 


specification. 


17- The temperature-ris e (limits of) 

T able 5 . 


Part of machine 


Temperature-rise measured 
by the rmoriBter, 


1 . Windings insulated 
with class A material 
and cores with which 
they are in contact, 

2 . Commutator & slip rings 

3. Uninsulated parts 
including cores not in 
contact with insulated 
windings. 


50° C 


55°C 

The temp, rise shall in no 
case reach such a value that 
there is risk of injury to 
any insulating material or 
adjacent parts. 


18. Method of measuring temperature: The temperature 

of the machine shaLl be measured by thermometers applied to 
the hottest accessible surfaces of the stationary parts of 
the machine during the test period, and by any other thermo 
meters applied to the accessible surfaces of the rotating 



parts as soon as the machine is stopped after the test 


19* Excess to roue for motors 



Motors with continuous rating 
a nclos e d mo tor s:- 


.ncluding totally 


(b) All motors other than motors 
and/or centrifugal loads shall be 
overload in torque for 5 minutes. 


coupled to propeller fans 
subjected to 2 % excess 


22. High-voltage tests 


The high-voltage tests in accordance with table shown 
be lew j shall be applied only to a new and completed machine 
in normal working condition with all its parts in place and 


unless otherwise agreed, shaLl the carried out at the manu¬ 
facturer’s works, preferably at the conclusion of the tempera 


ture test of the machine. 

Table 6 


Description of machine Test voltage 

r.m.s, 

(1) For all machines woutld for 50 500 volts, 

volts or less* 

(2) For machines would for voltages 1000 volts, 

higher than 50 volts upto and 

including 2 50 volts, 

23. A high-voltage test shall be applied between the 

windings and the frame of the machine. The duration of the 
test shall be not less then 5 seconds for machines of conti¬ 
nuous ratings upto and including l/3 h.p. ^ 00 
25O watts or 


or 



02 <niA£sJ 


VA per 1000 rpm. and not less than 1 minute for larger machines. 

The test voltage shall be at .any frequency between 25 and 100 
cycles. 

24 . Insulation resistance: shall not be less than one 
at 500 volts D.C. 

37 . The standard ratings given in this specification are 
suitable for machines operating under the following conditions 
of cooling air temperature and altitude: - 


(a) A temperature of cooling air not exceeding 40°G, 

(b) An altitude not exceeding 33 00 ft. above sea level. 

^^* APPROHMATd PULL LOAD CURRENTS OF SII'C-Ld PHA Sd MOTORS: 

Having seen the American and British standards it may be 
of interest to have an idea of the full load currents of single 
phase motors. Approximate values are given in the following tabh 

Table _£. 


H .P 


& up 


i/s 

1/6 

1/4 

1/3 


V f ''g 

3/4 

1 

1 


1 

«£&m 


£. 


10 


_ Currents in amns. 

^ ^ r ‘—rnrir rriri wiir iiT nriii w iiTrw ii w ii m inum.mijiiiii. j-f_.inT i tmir n nm -w m inT rn 

IJ.Ovolts 226 volts 


2.7 

3*0 

4.0 

ipo 


7*5 

IO .5 

13.0 

18.0 


23.0 
32.0 
50.0 

_ 20 .o 

94 -0 


R.b-ARurlCCS; B 4 , Bl3j J33 and J 34 


1 .35 
1.50 
2.0 

a. 5 




3.75 
5.2 5 
6.50 
9.00 


11 .50 
16.00 
25.00 

2 -LOO 

47.00 
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Mai n 01 me n s io ns 
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T1 /•* 

o r i 

ractiom 

al horse power motors it is more satisfac- 

tory to use 

o utrut 

•ill 

in watts than in h.p., in the 

output 

e q ua ti o n. 




n 

'•** ZZ 

2 

u Ln 

w att s 

«csn mho ***** mm mm mm 

o utput 

(1) 

where C = 

o utput 

constant given in graph (Fig. 

ia -1 j 

D - 

the gap diameter. 


L = 

core 1 

eng th 


tj 

i! 

rpm . 



Watts output 

ii 

VjO 


watts 

RPM 

373 

WW ***** *•*# *" 1 ® •»■!(• 

1 500 

~ * 2 l^S 


G , the output constant read from graph in figure 12.1 

against .2 

[ t H ■*** 

rw# imm 

210 

(2) 

B 2 L - 

373 x 210 

n ~~ » h « «■. a. m ■» 1 ^ ^ ^ JJJ ^ 2 . 2 

1 500 


The available stator punching is shown in figure 

No« 12,2 

For this D 

r 3.5 

inc he s. 

( 3 ) 

52 

JLjs *** 

3- 

.2 

O *" 

4.25 inches.. 

( 4 ) 



Main Wind! 


c» * 

W-S 6 


w 


ts 


tooth width 


lot al tooth Sw c ti o n 


q » 


64 


Stackening factor 


ts 


w 


ts 

Q 


6 4 


0 s • 3? x . 9 5 


x 23 x 4.25 x .95 


95 


( 5 ) 


16 sq. inch 


For a tooth density, of 10,^00 lines per square inch, the 
total flux. 


0 


>u 

O 


■Q 

U. 


ts '■’ts = ^>500 x 16 = 1 .60 x 10° lines per 


6 


sq. inch 


Flux per pole 


a ss timing 


sine wave flux distribution in air 


CP 



7 




T'T r* 
i i’i 



where 1 
assumed e 
induction 


is the induced voltage 
qual to 0.95 Fp for 
motors. 


and can in most cases be 
fractional h.p. single-phase 



to t 



P 


t 


P 0 


■P 

x d 


p x 0,95 d-t ^5 x 10 


6 


f KLC f, 
m w x d 


1 ine s 



where f ^, the flux distribution constant, is equal to 
0.637 for sine-wave flux distribution. 



X 


wi nilrg c o nstant 




distribution of 


o ^ 


L*£ J. ^ 


w 


’actor 


v/i 


« -> 

M 1.1 


w 

wi rdi 


1 O 

...L. O 


cannot be calculated unti 


'’I 1 4 - 1 , .. 

1 C [ i w 


ng is known 


-or the usual wiirLin# 


oe tween. 


o. 7 5 


3 • 


0,35 


Taking 


n 


W 


'the total number 


co nine tors in 


series ior fclie main wiricn tip 3 nqi -nr* +-u ^ , . , ,„ 

^ f using tne equation (g) 


lr>' • ' 

**■ XrU "I 0 ” 1 

b 


T L) C 


95 x 45 x 1 0 6 


m 




4> . 

X J£> 


G w f d 


4 x 230 x O .95 x 45 x 10 6 

«««» BWft «w»W rufirt «iiM -■ . _ 

50 x 1 .63 x 1 3° x .795 x .637 




SIS I 


--•akmg a provisional rmniber of turns r>er Dole 
we get for the total number of contactors as 120 x 3 


960 


« o * 


The stator windings of single phase induct! on motors 
are generally 0 f the concentric tyoe . Proper wirding 

cu 

distribution to produce sine-wave field will reduce harmonic 
of low order so that their effect will be small; the proce¬ 
dure to design the Winding distribution is as imicated 

(The effects of harmonics have been dealt with in 
the 33 ~d & 4 th Chapters) . 


below. 


Since 


#re are 23 slots, slots per oole 


23 


Therefore the 
the figure 


4 


ry 

7 * 


concentric winding is arranged as shown in 
, the turns bei rg distributed according to 
turns required in each coil can then be 


found as foil 


” C! * 
O * 



r% 




oil 

1 

c 

■flaw ) 

s 111 

of 

2 coil 

s pa 11 

■A 

r si n 

mm mrt 

7 

s 

x 90 - 

* 43 5 

oil 

2 

f 

mm ^"3 

si n 

of 

p 0 O 9 1 

d Th Q 'A 

0 fJcUl 

— si n 

(* 
T 

7 

x 90 = 

.785 

0 il 

1 

H 

si n 

of 

i coil 

span 

r sin 

/ 

n 

X 90 = 

.975 


7 


8 OWT 

2,195 


Percent turns per pole in coil 3-5 


If 


ff 


!l 


If 


If 


2-6 


1 -.7 


. 43 5 


x 1 00 


o 


195 

7o5 


. 8 


x 100 = 35 .3 


2.195 

.975 


x 100 


2 


195 


1 , 


100 


The actual number of turns in coil 3-5 

It IT It it p A 

n it tt it -j 


• # 


19s X 120 = 24 

353 x 120 - 43 
44 x 120 s 53 


•mxtnm w r 


120 


The winding distribution factor for concentric type single 


o <34 

W*** Vu^ 


ndirgs is a weighted mean chord factor or pitch 


factor and is calculated by multiplying the chord factor 
of each coil per pole group by the turns in the coil and divi 
ding the sum of these products by the total number of turns. 


Tire re the winding factor for our machine is 



c 


(.435 x 24) -f (-735 x 43 U (.975 


w 


’« /** u. f 

p.-) 1 


1 


i 2 u 


IO.4-4 33. 3 .-- 51 .3 


®3iea a*87?» "’W** ®63TJ *M < 1 W» GiSJJ rfflia 

I 


rune <l*sjb ^aa-et *89 teas 


rt 

O 


xI 10 comple te wixicli up* cl is. 2 x*ani is shown sBpar'at^i y 
taken a tooth flux: density of 10*500 aid 


v w = 


^w 


0 


t 


-'e have 


/ **. 

# l y y 


1 ±xx 


obtained the value for N m as 925 . Mow fcr th*» If 

jiiLx ** ** ? n 

lu 


960 , 


£> 5 The total flux in the teo tooth 


u 


1 .63 x 


/ 

">r 


x 925 x .795 


,6 


960 x .3 


1.6 x 10 liras ( 12 ) 


• * 


Flux density in the tooth 


±j 


1.6 x 106 
ts 1.63 x 106 


The flux per pole 


10000 lines per sauare 


1.6 x 10 6 x .637 


4 


inch. (13; 


= 256 .OOO lines 


* * # 


(14) 


Yoke width 



The stator yoke density 


2p6,000 

•4 x 2 x -95 x 4.25 


35,000 lines per sq, inch.... (15 


Now in order to determine the suitable size of the conductor 


let us proceed to find the input current. 



i II 

A , *• 

fin '* 


iss u mi qg that e f f i c ie n c y ■ x pow e r f act or 


5 


5 


, r n , 
^ i *4 


U6 


rq 


«***» *•■«* Tttua n^ffl raw* i 


o O £T 


*<c *> am : :s 


o 


/ -! £ 1 


(17) 


JfM 

“\r K 


The current density in the stator conductor is a 


■ 1.0 


p Q 


high as temperature 


or efficiency guarantees will per mi t 


It depends upon whether the motor is open or enclosed 


•n * 

r or 


open-type motors isplit phase, capacitor and repulsion start) 
the current density can usually be from 2 500 to 3000 amps per 
square inch. 


For a current density of 2300 amps per so. inch, arid 
a one-circuit winding, the section area of the stator conductor 


for : ■ ai n wi ndi iw 


D I 


3.2 5 


2800 


00116 sq.inch 


no . 19 8 . ■«*. 


u 


G, conductor Iras an area of 0.001257 souare inch 


For this conductor, then the current density is, 


3.25 

«w WWW* mr * 

001257 


2590 amps, per sq. in 


The slot area for the stampings chosen. 

, fc> 5 d"»9 

= ( - ) 1.35 ( .1 X .15) 

2 

z 1.06 sq.cm. 


l 6 l sq. in. 


(19) 
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Adopting super enamelled wire th-u -nano , 

-t ■ - ^ iV - LA ^ eaj.s opace i. ac tor can be 


.eve cl 


iir. Gap Lens-th 


Hie length oi the air-gap for fractional horse rower 
motors can be determined approximately by the following 
empirical eouation. 


g = 0 • OO50 . 00035D -y 0.001 £ t 0. 003v/l000 


0*005 -7(0.00035 x 3 • a) ^( 0.001 x 4’.25)-f (.003 x 1 » 37 i 


01457 inch 


Rotor bars: 


1 he ou tside dianBter of the rotor is therefore 


o c 
J * D 


o 

MS/ 


x .01457 


3*471 inch. 


\ 

/ 


The rotor punching selected is shown in figure No. 12.3 
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Rotor 


r area 


5 
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.O49 sq.in. 



3 



rin 




rh O * 


T 


he distribution of the currents in the bars and the 




“fe w ^ 

m rings ox a squirrel cage wincing is shown in fig. do. 


T 


it is evictent from the figure that the current in each bar 


divides in the end-ring, one-half returning through a bar 
a pole pitch to the right and the other half through a bar 
a oole pitch to the left. If the maximum value of the current 


m ea 


t r* 


ar is J2 l' r and if the current is maximum in all 


bars bars at the same tine, then the maximum value of the 
current in Jbe end rine 



2 2p 


whe r e H r = numb er of ro to r b ar s * 


However, the current in all the bars do not reach their 
maximum at the same time; at a particular instant the current 
distribution in space is sinusoidal as shown in the figure 
ho * 12,4* 

Then the max. value of the current in the end ring 
(with respect to time) / 



E.id.0-. value of current in the end 


n ng 


1 


J 9 


T* 


* :r 


2 


x 
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2 p 


** 


1 I 


r - r 


»W1» «*>» aw« •«»«» flaw* **« mhui 
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Usually the end ring is designed for the current dens 
as in the rotor bar. 


Area of cross section of the end ring 


N r x .019 


x 2p 


20 x .049 


i i 


X h 


f 

O 


Tie e rri. ring se ctio n is 


5 1 

-- inch x — inch 

16 4 


The outer diameter of the ring 


3 - 47" 1 - 2 x 




16 


2.346 inch 


Inner d iarre ter 


2 


5 = 2.3 46 i nc h 


The 


0 


ring is shown in figure No. 12.5 
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Minimum width of the rotor tooth 



The rotor length is made a 


Q 

k*y 



4*5 inch 


5 

12 



The flux in the rotor is less than th 
stator because of the stator leakage flux. 


flux factor can be taken as 


O .95 


e flux in the 
T h is le aka ge 


• “f 


Hot o r to ot h de nsi ty 


0t x °*95 

«** mm «m mm «•*» mm mm mb «« on mm sa» «u» mi nn mn m* 

.29 x 4.5 x 20 x 0.93 


where 0.93 in the denominator is the stacking factor for 


the rotor stampings. 

0 t ( fro m e quatio 11 16 ) 

Rotor tooth density 


Rotor core radial deoth 

■4* 

Sotor yoke density 

« 


1 .6 x 1 Q 6 
1 .6 x 1 0 6 x O .95 

«w» UN* mrnm «mw mm *«* 

.29 X 4.5 X 20 X 0.93 

63,000 lines oer so, in. ( 29 ) 

fjtt 

8 

256,000 x .95 x 9 

mm. mm mm mm mm ism m ®m mm m> mm m «• sm mm mm Mat 

5 

2 x — x 4.5 x .93 
8 

42,500 lines per sq. in. ( 30 ) 



Air Gap density 
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ir gap density 


1.6 x 10 x .95 

«K3» fflwt) ok® itcfis maa &a» a as aa «*s* enas <*»H» tesn *8*® «asa> **s» 

r - x 3.471 x 4.25 


32,600 lines per sq. in 
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Stator Resistanc e; 


Length of the bal f-mean tarn for each of the coils per 
pole of a concentric winding 


h 9 

Lit * w 


{D -v ds) 


x slots spanned £. 


(32} 
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crossed portion shown in figure 


12.6 


4.2 is used instead of 


to take into account the excess 


portion overhanging from the stator. 


p 


or coil 3-5 


f 42(3 *5+ *53) 




x 2 -f 4*25/ 24 


For coil 2-6 


For coil 1-7 


r 4*2 (3* 5+ *53) 

\ 1 

| «**» mm mm mm 43 ** *“*««»» «**» 

-. 23 

1 4 .2(3*5 -f *53) 

£ «MM> OHM •*** «*l*3 •"■** 1 W,S 

v 23 


131 


x 4 4 *25 43 3 237 


x 6 + 4.23 ^ 53 = 417 
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7 inch© s 
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resistance of the 19 s.w.g. Ou. at 25 degrees - 19. 
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© * 


The resistanc© of the main wi ndi ng at 75 degrees* 


* * 



tie s is ta n c e at 2 5 0 


4.35 


3.62 ohms 
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do tor ite sis t an c e: 


The total re si bailee of the squirrel cage bars 
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04 b 


( 36 ) 


whe re Y. 5 
a u 


length of each bar. 

the are of section of bar. 


r x 10 ' 


6 


the resistance of cu. per square inch 


The resistance of the two end rings 


2 4 J er r 


er 


ohms 


10 W a 


(37) 


where D QV> and a aT , are the mean diameter and sectional 

C31 ©X 

area of the end ring. 


The total resistance of the squirrel cage is calculated 
as equal to the total copper less divided by the (current; , 


since the ratio of currents in end ring to that of the 

N r 

bar (as already shown in equation No. 24), is 
total resistance of the cage winding is, 


the 
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The rotor resistance mus t be expressed in terms of the 
stator winding before it can be added to the stator resis¬ 
tance to give the total resistance of the motor. At standstill' 
the induction motor is simply a polyphase transformer; the 
equivalent resistance of the rotor is 'drierefore equal to 
the total rotor resistance times the square of the ratio of 
the effective stator turns to the rotor turns. The number 


of -chases in a squirrel cage winding is equal to the number 


it, I 


of bars oer cole 


per 


a © 


and the number of turns in series 

WMSt 

( 2 p) 

se is equal to the number of cole pairs = p. 


The total resistance of a squirrel cage winding in 
terms of the stator winding is then, 
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mm mm mm 
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whe re, m, 


number of phases = 2 for single phase 


T 

_i. 4. 


if -1 


hen tte radial width of the end-ring is large, as ■> s 



often in small motors, the end ring; resistance must 




corrected to take into account the effect of the non-uniform 


current distribution in the ring 


M • I 


ne constant by which thi© 

V 


end ring resistance should be multiplied to take into 


account this effect, has been evolved by Ms 




£ ~ ~ # -** 


•«/ 


in his paper "Induction motor resistance Bins width” ii 

11 w 


Electrical engineering vol 


r~ t-' “Tl _ i 
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i?eb. 1935 page 
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This 


constant k ri is given in the graph ifig. Ho. 12 . 7 ; for 

«•&*■ «X<~ X* 

various values of ratio of inside to outside diameter of 


end-ring (for different poles). Therefore the eouivaLeri 


rotor resistance per phase 



**>»** 



o 




g of rotor bars is proposed. 


Length of rotor 


4.25 -VO.25 


4.5 inches 


V 

l b 


4.5 4-0.625 + 0.25 = 5-5 inches 


= Length of bar = 

Ratio of inside to outside diameter of end ring = 


.) 

£** # 


2.646 
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i’rora graph in fig. Ho. If'7 Hri 
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Rotor resistance in .terms of stator nain winding 
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The method of calculating the leakage reactance is i 


to 


n 

MfcHl A, A. 


general the same as used for polyphase machines; some cbinges 


must however, be made because of the different tvoe of slot 


„Q 


nd winding used on single phase induction motors. Practical 


design, experience, it is stated, has shown that the leakage 

^i.,v A. «r / 

reactance equations below give sufficiently close results 


design 


of most fractional horsepower induction motors. 


■4* ii. 
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kJ 
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6.33 L 


rt 

r. 


0 
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where 
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SS 


an c. 


n 

Ah 


q r * 


are calculsted from figures No. 12.3 


and 12.9- 


The zigzag reactance for stator ani rotor in terns ox naxn 


wi nd i ng, 


xr 


2 ') 
pi 

w i • yp G 


10 ‘ 


2.13L 


Qi jt 


^ W tS"h w th 

mm mm mm mm mm mm mm mm mm mm mm 

4(t 1s ~b 


ohms 
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LI 


where w 


Q 
w O 


w 


*ts 2^ 


t 


t 


1 s 


1 r 


width of stator tooth at .air-gap surxace 
width of rotor tooth at air-gap surface. 


stator tooth pitch at air gap surface 


rotor tooth pitch at air g&p 


;' 7 \ 
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The end comiection leakage reactance 
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2 Tf«%1 0 
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(2p) 
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Since there is no skew X kew = 0 


In the three reactance formulae, the common term will be 


s7*- 

i 1 


irst evaluated 


The common term 


p ir f» u2 p2 ^ n~d 

&■* ii -i- * v -' 


o o 

\ l »*v 


2 ifx 50 x 960** ( .3) x 10 


'O 


1.85 


For s tat or slot: 
(given in fig.P^ 
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65 
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From the graph of fig. 12 for this ratio, 0 = O .46 
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For rotor slot (given in fig. 12.11) 
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Now referring to graph given in figure 
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12.9 for the above 


two values 
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Substituting; values in equation I 43 )> we get 
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x .a 
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Stator slot Ditch 


Rat or slot Ditch 
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x 


3.5 


28 


T x 3-5 

20 


0.392 inch 


= 0.55 inch, 


Furthe r 


0.392 - 0.0625 


0.3295 inch. 


w., 


cr 


t 1r = 0.55 inch 


Substituting in equation Ho. 44, 
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The end connection leakage reactance 


8 
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The magnetising reactance can be calculated from the i ormula 
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ere k Is the air-gap coefficient - k s 
account the fringing effect clue to the presence 01 slots* 
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ts ' J *e 


where v is read from curve in 
fig. 12.12. 


ag ai nst t he ratio 


stator slot opening 
air gap length. 


t 


1 r 


w tr* y 


where y is read from curve in fig. 12.12 

rotor slot open!: 

against ths ratio ---- 

air ear length. 


I .C* 
Si 


is the saturation factor, which is the ratio 01 the 
total ampere-turns for the magnetic circuit to the air-gap 
ampere-turns only, is difficult to predetermine .rom aiiect- 
current magnetisation curves. The shape oi the magnetizing 
current wave is not sinusoidal because of the non-linear natuie 
of the magnetisation curve of the core material. By use oi 


alternating current magnetisation curves the magnetisation 
characteristics can be fairly accurately calculated, .dor 
single phase induction motors the saturation factor will 
usually be between the limits 1 .Id ano. 1*35* ••hen the 
magnetic densities in the teeth .and yoke ana low, the low 
value applies and when high a higher value must he used 


rn 
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1 . 1 


The saturation f actor 
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is taken as 
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The open circuit reactance, the reactance of the stator 
main winding with secondary open, 
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175.9 ohms 
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Leakage : 


factor k, 


x 0 “ x SLm 


175-9 
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<H» *** * - * 1 ’*** *** 
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Gore loss: 


The losses in the cores of the induction motors consis 


"If* 
di W 


of the hysteresis and eddy current losses in the teeth an 


r\ 

Vi 


Yoke s 




due to the fundamental frequency plus aaditional losses 


w m 


The additional losses comprise surface losses in the teeth 
due to variations in the air gap density, tooth pulsation 
losses due to variations in the tooth density, losses due 
to slot filing, losses due to non-uniform flux distribution, 
and losses in the end plates and end backets. In die stator 
core, the frequency of the flax reversals is equal to the line 
frequency; in the rotor it is equal to line frequency times 
the per cent slip. The loss in the stator teeth due to the 
fundamental frequency flux is equal to the loss per pound 
per cycle for die stator tooth density times the frequency 
of lie flux reversals times the weight oi the iron, in uie 
teeth. The loss per pound per cycle for various flux den- 
' sities and for several grades of sheet steel is given o> 
curves obtained from tests or samples in accordance with 
Are rlean Society for Testing Materials. The loss in the 
stator yoke due to the fundamental frequency ilux is wlcula 

as exclaimed for the teeth. 


The additional losses are difficult to calculate, 
urface losses in the teeth and the tooth pulsation losses 


c* 



can be 


calculated by the method proposed .by !. Spooner 


CiJ 


T Kinard. The total core losses for induction, motors 


0 - * 


are generally 1.5 to 2.5 times the sum of the stator tooth 


•T Vi, 


and yoke losses due to the fundamental frequency flux, 1 
multiplying factor should be obtained from tests of motors 

x «w. 

of similar design; when such data are not available 1.7 5 to 


2.2 nay be us 
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16 
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0m 

132 


x 


23 x 4.25 x .93 
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Loss per lb. for tooth density 1 
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4 


1(5 — ; -4 

L 16 


9 
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Gore volume 


5.9 x 4*25 -X .93 


wt 


5.9 X 4*25 X .93 X .278 = 6.5 


core loss for density 36,800 = 3*5 x .8 


cor e 1 os s in y oke 
Total core loss 


3 . 5 x .3 x 6.5 =23 watts. 

13 -V 12 • 24 = 30.24 


(57) 


Taking additional losses into account, total core 

- 3 O .24 x 2 s' 6 O .48 


( 58 ) 



Friction & winda.se 
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Auxiliary winding.' 


:? or 


capacitor start motor, tte capacitor is 



upon to produce the phase displacement between the current 
in the main and auxiliary winding. The auxiliary winding 
circuit is opened after the rotor has attained approximately 
75/3 of normal speed. The starting to roue can be calculated 


f r o m 


e for; 



where r a is the' auxiliary winding resistance plus the 


resistance of the capacitor. For maximum starting; torque 
the value of x c can be found by differentiating this 
equation with respect to x c and equating to zero, which 
gives for x c , 


x. 
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The value of x c for maximum starting torque for 
main winding constant varies directly vdth x „ a 


given 
and r 


w 


bach in turn vary direct with tte square of k, the 


a 

ratio 



/"i ■■■) 

of en... 


jctive auxiliary winding turns to main winding turns 


For maximum cod:; of capacitor k should, be large, but 


cl 


rge value of k increases the cost of the auxiliary 


winding. Hence a combination must be arrived at -tsfoich gives 
the required starting characteristics at reasonable cost. 
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auxi 1 iary circuit 
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winding constant for the 


The number of 


conductors in the auxiliary winding is , 
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or sinusoidal distribution the percentage of turns in coils 
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The final ratio of effective conductors 
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•Starting torque and current were calculated for several 
conductor sizes and gauge To. 23 was chosen finally. 
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Total length of auxiliary winding 
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Resistance pe r 1 000 yds = 53*998 
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Total main winding resistance = 4 - 35 - 4 - 6*6 - 10.95 
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Total leakage reactance in term of aux. windirg 
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ID CONSTRUCTION 


Predetermination:- 

By using the design constants arrived at in the 
previous chanter, the performance of the machine-was predetei 

M* "** 

mired by (l} Morrill's apparent impedance method 
and (2) Veinott' s method* 


is explained in the chapter on revolving field theory, 
the per unit n apparent imps dances” are read from the 

These are used to 


grap 


given in figures 13.1 and 13*2 


forecast the per for ns nee of the machine. The procedure 
adorted for the calculations and the results are given in 

«JU 

Tables Nos. 13-1 and 13.2. 

The second method is by the application of cross field 
theory as suggested by Mr. Veinott* 

Constants that are used in this method of predeter¬ 
mination are first derived from the design data as given 
hereurd er: 
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are raven xn 


actual performance calculations and the results 

3 0. At, 
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The performance curves as determined by these two 
irethods are shown in the next chapter along with the curves 
as per test results, (figs. 14*4 and. 14-5 }• 
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Construct! or 


*uwyU'MrtWM 41s ft'** 1 ' 


Ui'WlW, >•««.'< 


(a) let hod of construction adopted. 

The actual constructional method adopted in making the 
motor will be given in brief. The machine has teen construe 
tedwithtlie cast iron frame and end-covers. 


I' he ct 

.at or 

frame 

"O a* q 

.Ha ft. 

^ i'o 

frame 


his frame and end covers are shown in figures 


13-3 and 13• 4• 

Then the windings are wound on the stator. The detailed 
winding diagram is given in fig. No. 13*5* As explained 

w '»**»<* v«.,-i. 

under the nrevious chapter, the core enteric winding method 
is adopted. A typical corcenfcric winding is shown in Fig.13.5(a) 
No mould was used; the windings were hand wo und and then 
inserted into the slots. Then the usual impregnati 


the coils is done. 




























ba T s 


are in position a run of weld is nade 


sen them to 


give additional strength to the asse 


l n th is co ns tr uc 


tion , instead of skewing the rotor slots, as is normal 
practice to reduce noise, the stator slots are skewed to 
ac hi eve the same effect. This is done because it is more 
convenient to the method of construction and is easily 
arranged by suitably shaping the welding fixture. 


The assembled laminations are then ready to receive the 


stator rings, which are held in position by means of a noth 


iVnk L 




is? fixture and welded to the spacer bars. To reduce 


distortion of the rings during the wfcldiqg operation a 
bevel is provided at each end of the spacer bars and a 
steel weds:© is inserted between it and the rings, kfter 


cooling, the stator assembly is shot blasted to remove any 


rough edges and rust prior to the inser 


t io n of th e co i 1 s. 




<4 

Three stages in the assembly of fabricated motor* showing (left) " welded up> ” lamination pack (centre) 
wound stator assembly, and (right) completed drip-proof machine ready for despatch 
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.m: shop, the stator cals are wo unci cone 31 ' 


trieally 

n in .errh 

J- X y.. ■“* 

a vo idi ng 

solde 

in the slots a 

test, th 

e re a d 

pro cess 

is til e 

is done 

the st 

covers. 
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ups of three from cme length of wire, tiros 

I ns ulat i ng sh e et is th e n pla cad 
s and the coils inserted, .niter an insolation 

to the terminal box are fitted. The f&va,al 
c uurn impregnation of the coils. When this 
stator are ready to receive the rotors and end 


fdL 1 


S 


The rotor 13.Eii.nBti.ons &T6 propnr^d in ositciios ©dv^h 

coiitninine th8 correct number $:/ in ths soin© ii&nnBr & s t *10 

♦ 

of the stator . By means of a press and Jigs, they are 
firmly fixed in position, two n V M grooves in the raised 
edges forming a ley to prevent rotary displacement. The 
larger machines have a small ring placed at each end of 
the laminations and welded into position to prevent longi¬ 
tudinal movement of the rotor. 


to 


,tor tors are then dropped into place and brazec 
a copoer ring at each end, after which the outside 


dia m 


eter of the laminations is ground and treated with an 
anti -runt telley. It this stage the f Aortal asserhly -cak-.es 

cover s be i ng pla ce d i n po sition 


2 8 n V.. 1 1 8 1 91 n S 9. J 


and the bearings adjusted. 

Before despatch from works, each machine is finally 
checked in the electrical test department, wfcre it undergo* 
a dynamometer test at no load and full load and is stalled 


six times. 
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CHA FT A3 NO . 14 


TaSTS & TaST basults 


No Load Saturation Test 


Voltage is increased slowly and the no load current 
and total losses in watts are read for various voltages. 


i ha 


result of this test is given in Table No. 14.1 and the satu- 
rati on curve is shown in Fig, No. 14*1 


II. Measurer® nt of resistance: 


nrtowBire-m I , I 


The Table 14.2 give the particulars lor tnis , whicn 
gives an average resistance of 5*43 ohms. However, immedia- 

cj w 

tely after short circuit test when the resistance was measured, 


it was found to oe 


srn 


Q 

.CU * O 


3*5 


5.95 ohms. 


The resistance of starting winding 


31 .2 
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15 .6 ohm. 


III. Loeked rotor Tests: 


This is done with main winding alone across sup 
first and with auxiliary winding alone across supply, 
the 'fUll volt is applied, the spring balance readings are £ 


..he n 


cr 


noted downs. The 


ese are given in Table No . 14*3 


Load Test: 

>iH»MHIl)Jnijilll])i ni_r*_ k i; 

he details of the load test carried out are gi 


T 



jp «*fl .^ 

in * a bi© iso . 14*4 and the per for mane e curves are .sivan in 


H ' io ‘ - ^o. 14*3 
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Heat run Test 


* # 




i ne re a dim s are given m Table Bo. 14*5* The tamoera 
ture rise « 37 *5°C above 30 ° ambient. 
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Leicperaturs oy resistance measurement 
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VI. Ins ulation.T est: 

Since D.G. high voltage was not available 

resistance was measured with a 400 volts 

to be 20 negaohms. 


insulation 
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vtt Dielectric Test 
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As required by B.S.S. 170 (1939.) («^the amendments] 


„ , , _ f,r . . 1 4-v.a i ns ul at ion of the 

(Please refer chapter ho. 11/ tne znsuj. 
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3' .Determination of Constants 
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n th is t he me th o d s u&ge st e d by ¥ e i 2 


cc 


b in his T;S ner 

(J36) "Segragatio :a of losses in a single phase induction 

SuMr*' ’SwJ' X 

motor 11 will be followed. 

for any machine, after conducting certain test it sius 

«sss and certain constants 
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be ne ce 

jssary to 

of -the 

machine • 

desi p;n= 

id val ues 


OO w 


the machine to vervLthat whether they confirm with the 


Segregation of losses in a single phase f- h.p. motor 
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resoects ■ (1 ) No 1 osd soc* Cu* loss camot 0 © 11 ©cted 
(2j rotor Cu. loss under load conditions cannot be computed 
directly frora the slip (3) It is necessary to determine 
certain fundamental constants of the motor, inese i orna¬ 
mental constants are x 0 , x, r r where r r is the rotor 
resistance. x 0 is defined as reactance of primary with 


secondary onen circuited i.e . x 0 


.A. 


/ \ / o 

m+ (x s +x r //2 
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ideal short circuit reactance; 
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x s "t 


x r ^ x m 
2 (x m d' ^- 3 ^ ^ 


These 
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an te determined 


from a reading 
rotor locked. 


ree constants namely x Q , r r 

of watts, and amperes at full voltage with 


The interpretation of no load and locked readings is 
slightly more involved than that for polyphase motor. 

Using cross field theory, the locked rotor current can 


obtained as 
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The no load it is given by the equation 
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In terras of test result, P and Q 
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are given as follows 


•a) , 




v,j 
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The most accurate method for determining the desired 


quantities r r , x, x Q 


term the values Iq>P, K^is by siroul' 


taneous# k>f &£5o n of equations 2,3, & 5 which yields. 
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According to HdfA. standards given in Chapter Mo. 11, 
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